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Abstract

The network activity of the hippocampal formation underlying learning and memory processes
is regulated by a number of ionic conductances that determine the neuronal excitability and
firing patterns of hippocampal pyramidal neurons. The slow Ca**-activated K* current (slaup)
and its modulation by acetylcholine (ACh) and glutamate play a crucial role in shaping these
intrinsic properties of hippocampal pyramidal neurons. slyp follows a train of action potentials
and is characterised by its dependency on the rise of intracellular Ca®* and its slow time course,
displaying activation kinetics of hundreds of milliseconds and decaying over seconds. It is
responsible for spike frequency adaptation that restricts repetitive firing in response to a
prolonged stimulus. Hence the suppression of slype by ACh and glutamate, through
metabotropic receptors, leads to an enhanced excitability of hippocampal pyramidal neurons.
The underlying signal transduction cascade used by ACh and glutamate to inhibit slayp is not
fully characterised, involving the G-protein subunit Go,, but not its classical signalling pathway
via phospholipase C B (PLCB) (Krause et al., 2002). Employing molecular biology and imaging
techniques in heterologous expression systems this study establishes that the small GTPase
RhoA acts as a signalling partner of Ga,, pointing to an involvement of both proteins in a
common signalling pathway that mediates the suppression of slyp upon the stimulation of G-
protein coupled receptors (GPCRs) by cholinergic agonists in hippocampal pyramidal neurons.
The introduction of activated and inactivated RhoA mutants into hippocampal pyramidal
neurons by viral infection, and subsequent whole-cell patch clamp electrophysiology, showed
that constitutively active RhoA-V14 reduces slayp significantly, mimicking the inhibitory effect
of ACh, whereas sl is unaffected in neurons expressing inactive RhoA-N19. An involvement
of RhoA in the regulation of membrane excitability of hippocampal pyramidal neurons and
thus in the shaping of neuronal activity on a relatively fast time-scale is a novel function for the

small GTPase.



Acknowledgements

First and foremost, | wish to thank my supervisor Martin Stocker for his academic guidance,
training and for his support at every stage of my PhD. | am grateful to Paola Pedarzani for her
involvement in this project and consistent support over the years. Thank also goes to my

second supervisor Julie Pitcher for her assistance in the project and advice.

| am thankful to past and present members of the lab Marisol Sampedro Castaneda, Katie
Smith, Marita Gronning Madsen, Hannah Morgan, Anne Boehlen, Agnes Thalhammer, Angelo
Tedoldi, Joseph Tebbs-Warner, Simon Bennett and Tim Howe for their technical assistance,
their interest in this project and for their contribution to a stimulating lab environment. Thanks
also go to Tony Langford and Tina Bashford in their role as lab manager and graduate

administrator.

| am ever grateful to my parents, grandparents and brother and to the rest of the family for
their unconditional support and encouragement. | am thankful for their advice and guidance

throughout the years, and for their patience.
My thanks extend to Mathias Berndt.

To my friends Marisol Sampedro Castaneda and her family, Grit Polewey and Olga Klimecki a

sincere thank you for all their kindness and support and for providing welcomed distractions.

Finally, | would also like to thank the BBSRC for providing the funding for my PhD.



Table of Contents

DECLARATION 2
ABSTRACT 3
ACKNOWLEDGEMENTS 4
TABLE OF CONTENTS 5
INDEX OF FIGURES 9
INDEX OF TABLES 10
1 INTRODUCTION 11
1.1  The Hippocampus 12
1.1.1 Hippocampal function, neuroanatomy and circuitry 12
1.1.2 Glutamatergic and cholinergic systems in the hippocampus 13
1.2 Afterhyperpolarizations 16
1.2.1 Fast afterhyperpolarization (fAHP) 17
1.2.2 Medium afterhyperpolarization (mAHP) 18
1.2.3 Slow afterhyperpolarization (sAHP) 23
1.3 GPCRs and G-proteins 28
1.4 Small GTPases 35
1.5 Aims and Objectives 40
2 MATERIALS AND METHODS 41
2.1  Materials 42
2.1.1 DNA constructs 42
2.1.2 Buffers 44
2.1.3 Bacteria media, agar-plates and antibiotic stock solutions 44
2.1.4 Cell culture media 45
2.2 Methods 45
2.2.1 Cell culture 45
2.2.1.1 Coverslip preparation 45
2.2.1.2 Maintenance and splitting of cell lines 46
2.2.1.3  Primary culture of hippocampal neurons 46
2.2.2 Expression 48
2.2.2.1 Transient transfection 48
Lipofectamine 2000 48




FuGene 6 48

2.2.2.2 Microinjection 49
2.2.2.3 Viral infection 49
2.2.3 Lysis preparation 50
2.2.3.1 Lysate preparation from HEK293 cells 50
2.2.3.2 Lysate preparation from rat brain 50
2.2.4 Protein concentration estimation 51
2.2.5 Co-immunoprecipitation 52
2.2.6 SDS-PAGE and Western blotting 52
2.2.6.1 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 52
2.2.6.2 Transfer and immunodetection 54
2.2.6.3 Coomassie staining of SDS-PAGE gels 56
2.2.7 Glutathione-S-transferase (GST) fusion protein purification 57
2.2.7.1 Electroporation of BL21 (DE3) bacteria 57
2.2.7.2 Purification of GST fusion proteins 57
2.2.7.3 PreScission protease cleaving 59
2.2.8 Binding assays with purified protein 59
2.2.9 Invitro translation and direct binding assays 60
2.2.9.1 Invitro translation 60
2.2.9.2 Direct binding assays with purified RhoA-V14 60
2.2.10  Sindbis virus production 61
2.2.10.1 RNA synthesis 61
2.2.10.2 Transfection of BHK-21 cells and harvesting of virus particles 62
2.2.10.3 Determining the potency of the virus stock 63
2.2.11  Microscopy 64
2.2.11.1 Preparation of cells for microscopy 64
2.2.11.2 Fluorescence resonance energy transfer (FRET) 65
M; muscarinic acetylcholine receptor stimulation 65
Confocal microscopy 65
FRET analysis 66
2.2.11.3 Analysis of stress fibre formation in microinjected or infected cells 66
2.2.11.4 Co-localisation analysis 67
2.2.12  Molecular biology techniques 68
2.2.12.1 Digestion of DNA with restriction enzymes 68
2.2.12.2 Dephosphorylation of vectors 68
2.2.12.3 Agarose gel electrophoresis 69
2.2.12.4 Gel extraction of DNA 69
2.2.12.5 Ligation 69
2.2.12.6 Competent DH5a bacteria 70
2.2.12.7 Transformation of DH5a Bacteria 70
2.2.12.8 Isolating DNA from bacteria 71
Isolation of plasmid DNA from small cultures 71
Isolation of plasmid DNA from medium and large cultures 72
Reuse of AX columns 73
2.2.12.9 Amplification of DNA by polymerase chain reaction (PCR) 74
DNA modifications 74




Single colony PCR 74

2.2.12.10 Sequencing 75
2.2.13  Cloning strategies 76
2.2.13.1 pRK5-myc-Venus-RhoA 76
2.2.13.2 pcDNA3.1-EE-ECFP-Ga,-Q209L 77
2.2.13.3 pSinrep5-RhoA-G14V-EGFP 78
2.2.13.4 pSinrep5-RhoA-T19N-EGFP 79
2.2.13.5 Restriction enzyme abbreviations 80
2.2.14  Electrophysiology 80
2.2.14.1 Recordings in primary culture of hippocampal neurons 80
2.2.14.2 slyp recordings in cultured hippocampal neurons 82
2.2.14.3 Data analysis and statistics 83
3 RESULTS 85
3.1 Investigating the interaction between the G-Protein a subunit Ga, and the small
GTPase RhoA 86
3.1.1 The G-Protein a subunit Ga, interacts with the small GTPase RhoA 86

3.1.2 Constitutively active Go,-L209 specifically binds constitutively active RhoA-V14, but
not other small GTPases 88

3.1.3 Constitutively active RhoA-V14 specifically interacts with constitutively active Go,-
L209 and constitutively active Gay4-L205 89
3.1.4 Investigating the interaction between G-protein o subunit Ga, and small GTPase

RhoA in rat brain lysates 90
3.1.5 Expression and co-localisation of ECFP-tagged Ga, and Venus-tagged RhoA in

HEK293 cells 92
3.1.6 ECFP-tagged Goy interacts with Venus-tagged RhoA 100
3.1.7 Assessment of the interaction between ECFP-tagged Ga, and Venus-RhoA in HEK293
cells using FRET 102
3.1.8 Binding assays between in vitro translated constitutively active Ga,-L209 and purified
constitutively active GST-RhoA-V14 109
3.1.9 Summary 110

3.2 Purification of mutant RhoA proteins and their intracellular application into
hippocampal neurons 111

3.2.1 Purification of the fusion proteins GST-RhoA-V14 and GST-RhoA-N19 and the
protolytic release of the small GTPases 111

3.2.2 Purified mutant GST-RhoA fusion proteins bind to rhophilin and constitutively active
Goy-L209 115
3.2.3 Purified constitutively active RhoA-V14, but not inactive RhoA-N19, causes stress

fibre formation in Swiss-3T3 cells 116

3.2.4 The effect of intracellularly applied mutant RhoA proteins on slap in acute
hippocampal slices 120
3.2.5 Summary 121

3.3 Assessment of RhoA involvement in the cholinergic modulation of sl e in Sindbis

virus infected primary hippocampal neurons 122




4

3.3.1 Sindbis virus production and functionality assay 122

3.3.1.1 Recombinant Sindbis plasmid construction and RNA synthesis 122
3.3.1.2 Production of Sindbis virus particles 123
3.3.1.3 Determining the infection capability of the viral stock and the optimal amount
of virus needed for infection 124
3.3.1.4 Stress fibres formation in constitutively active RhoA-V14 infected BHK-21 cells,
but not in inactive RhoA-N19 infected cells 126
3.3.2  slayp in primary cultured hippocampal neurons 127
3.3.2.1 Properties of primary cultured hippocampal pyramidal neurons are not affected
by Sindbis virus infection 128
3.3.2.2 Unmasking of slayp in primary cultured hippocampal neurons 129
3.3.2.3 Regulation of slayp in cultured hippocampal neurons 131

3.3.3 Effects of mutant RhoA virus infection on slayp in cultured hippocampal pyramidal

neurons 134
3.3.3.1  slayp in RhoA-N19 and RhoA-V14 infected cultured hippocampal neurons __ 134
3.3.3.2 Cholinergic modulation of slayp in EGFP-negative and inactive RhoA-N19

infected cultured hippocampal neurons. 135
3.3.4 Summary 138
DISCUSSION 139

4.1 The small GTPase RhoA associates with the heterotrimeric G-protein a subunit Ga, _

143

4.2 The small GTPase RhoA is involved in the cholinergic suppression of sl 151
4.3 Signalling downstream of RhoA 153
4.4 Future directions 155
REFERENCES 157
ABBREVIATIONS 188
A APPENDIX 191
A.l List of Materials 192
A.1.1 Consumables 192
A.1.2 Equipment 193
A.1.3 Microscopes 194
A.1.4 Kits, reagents and chemicals 195
A.14.1 Kits 195
A.1.4.2 Reagents and chemicals 195
A.1.5 Enzymes 198
A.1.6 Antibodies and dyes 198
A.1.7 DNA and protein molecular weight ladders 199
A.1.8 Primers 199




Index of Figures

Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4

Figure 1.5
Figure 1.6
Figure 1.7

Figure 1.8
Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8
Figure 2.9
Figure 2.10
Figure 2.11

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5
Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10
Figure 3.11
Figure 3.12

The hippocampal formation 12
Afterhyperpolarizations and the generation of spike frequency adaptation 16
Gay signalling 29
Structure of the heterotrimeric G-protein and its binding to the G-Protein

coupled receptors 31
G-protein activation and deactivation cycle 33
Ga with fluorophore attachment 35
Structure of small GTPases and conformational change of the switch regions

upon GTP binding 37
Small GTPase activation and deactivation cycle 38
Amino acid sequence and secondary structure of Ga, 43
KOD polymerase PCR 74
Single colony PCR 75
Sequencing PCR 75
Cloning strategy of pRK5-myc-Venus-RhoA 76
Cloning strategy of pcDNA3.1-EE-ECFP-Ga,-Q209L 77
Cloning strategy of pSinrep5-RhoA-G14V-EGFP 78
Cloning strategy of pSinrep5-RhoA-T19N-EGFP 79
Assessing the firing activity of a cell 81
Measuring passive membrane property of a cell 82
Example of a slap recording and details of the corresponding stimulation

protocol and current measurements 83
G-Protein a subunit Ga, and constitutively active Ga,-L209 interact with the

small GTPase RhoA, constitutively active RhoA-V14 and inactive RhoA-N19 87
Constitutively active Ga,-L209 specifically interacts with constitutively active
RhoA-V14 89
Constitutively active RhoA-V14 interacts with constitutively active Ga,-L209

and constitutively active Gay4-L205 90
Western blots of brain and HEK293 cell lysates using anti-Gag/1; and

anti-RhoA antibodies 91
Localisation of ECFP-tagged Ga, and Venus-tagged RhoA in HEK293 cells 93
Co-localisation analysis of ECFP-tagged Ga, and Venus-tagged RhoA in

HEK293 cells 96
Co-localisation analysis of ECFP-tagged Go, and Venus-tagged RhoA in

HEK293 cells using intensity correlation analysis 99
Ga,-ECFP-Gay and constitutively active Ga,-ECFP-Ga,-L209 interact with
Venus-RhoA 101
Confocal imaging configurations used for FRET experiments prevent

cross-talk between Ga,-ECFP-Go, and Venus-RhoA 103
FRET in CFP-YFP dimer expressing HEK293 cells 104
FRET between ECFP-tagged Ga, variants and Venus-RhoA 106
FRET between Ga,-ECFP-Ga, and Venus-RhoA without and with the

stimulation of the mAChR M, 108




Figure 3.13

Figure 3.14
Figure 3.15
Figure 3.16
Figure 3.17

Figure 3.18

Figure 3.19

Figure 3.20

Figure 3.21
Figure 3.22

Figure 3.23

Figure 3.24

Figure 3.25
Figure 3.26
Figure 3.27
Figure 3.28
Figure 3.29

Figure 3.30

Figure 4.1
Figure 4.2
Figure 4.3

In vitro translated rhophilin and constitutively active Ga,,-L209 bind directly
to purified constitutively active GST-RhoA-V14

Purification of GST-RhoA-V14 and GST-RhoA-N19 fusion proteins
Purification and protolytic release of RhoA-V14 and RhoA-N19 proteins

Purified GST-RhoA-V14 and GST-RhoA-N19 bind rhophilin and Ga,-L209

Pull-down experiments of endogenous Ga, using purified GST-RhoA-V14
and GST-RhoA-N19 protein

Transfection of constitutively active RhoA-V14 induces stress fibre formation in
Swiss-3T3 cells

Microinjection of purified constitutively active RhoA-V14, but not purified in-

active RhoA-N19, into Swiss-3T3 cells stimulates the formation of stress fibres__

slayp is partially inhibited by the application of purified constitutively active
RhoA-V14, but not by inactive RhoA-N19

RNA synthesis from Sindbis expression and helper constructs

Electroporation of BHK-21 cells with SIN-EGFP RNA using different
electroporation systems

Infecting BHK-21 cells with diluted recombinant Sindbis virus to determine the
infection capability of the viral stock and the optimal infection conditions for
subsequent experiments

Infection with constitutively active RhoA-V14, but not inactive RhoA-N19,
Sindbis virus induces stress fibre formation in BHK-21 cells

Properties of hippocampal pyramidal neurons in primary culture
Pharmacological isolation of slap in cultured hippocampal neurons

2 . .
Removal of extracellular Ca** abolishes isolated slup

Slayp is suppressed by CCh and 8CPT-cAMP

slaup is present in EGFP-negative and RhoA-N19 infected cultured
hippocampal pyramidal neurons, but not in RhoA-V14 infected neurons

The effect of CCh application on sl,yp in EGFP-negative and inactive
RhoA-N19 infected cultured hippocampal pyramidal neurons

Signal transduction pathways mediating the suppression of slaup.

Potential models of Go; and RhoA interaction

Crystal structure of the Go;-p63RhoGEF-RhoA protein complex

Index of Tables

Table 2.1
Table 2.2
Table 3.1
Table 3.2

Table 4.1

Preparation of gels for SDS-PAGE, Mini-PROTEAN I (BIO-RAD)

109
112
114
115

116

117

119

120
123

124

125

127
129
130
131
133

135

137
141
145
150

53

Preparation of gels for SDS-PAGE, SE600 (Hoefer)

53

Summary of Ga; and RhoA co-immunoprecipitations experiments

Quantitative analysis of the co-localisation of the G-protein a subunit Go and
the small GTPase RhoA in HEK293 cells

Reference list for the signal transduction pathway diagram (Fig. 4.1.)

10

88

100
142



1

Introduction

11



1.1 The Hippocampus

1.1.1 Hippocampal function, neuroanatomy and circuitry

The hippocampal formation (Fig. 1.1A), including dentate gyrus, hippocampus proper (divided
into the cornu ammonis (CA) fields 1-3), subicular complex and entorhinal cortex, and the
neighbouring structures of perirhinal and parahippocampal cortices are located in the medial
temporal lobe and have been extensively studied for their role in memory acquisition and
consolidation, spatial awareness and attention control. Furthermore, the hippocampus and
associated structures are of interest to researchers as they are prone to generate epileptic
seizures and to suffer from ischemic damage, and are greatly damaged in Alzheimer’s disease
(Walker et al., 2007). The involvement of medial temporal lobe structures in the formation of
declarative memory i.e. the conscious recollection of facts and events has been proposed after
the study of patients with brain lesions to this area, the development of animal models and
neuroimaging studies (Squire and Zola-Morgan, 1991; Squire et al., 2004). The discovery of
place cells in hippocampus and the idea of the formation of cognitive maps have defined the
role of the hippocampus in space awareness (O’Keefe and Dostrovsky, 1971; O’Keefe and

Nadel, 1978).
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Figure 1.1 The hippocampal formation. (A) Schematic representation of the anatomical regions

of the hippocampal formation (from Amaral and Lavenex, 2007). Inset shows a Nissl-stained transverse
section of the rat hippocampal formation (from Amaral and Witter, 1989). (B) Diagram of the main
excitatory connections in the hippocampal circuitry (adapted from Tsien et al., 1996). EC, entorhinal
cortex; Para/PaS, parahippocampal cortex; Pre/PrS, perirhinal cortex; Sub/S, subiculum; CA, cornu
ammonis; DG, dentate gyrus; pp, perforant pathway; mf, mossy fibres; sc, Schaffer collaterals; rc,
recurrent collateral axons

Due to its highly organised neuroanatomy the hippocampal formation and its circuitry has
become a well studied area of the brain. At cytoarchitectonic level the hippocampal regions
are organised in a laminar fashion. In the CA1-3 fields of the hippocampus proper as well as in

the dentate gyrus the principal cells are arranged in tightly packed bands. Principal cells,
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pyramidal neurons in the CA fields and granule neurons in the dentate gyrus, make up the
majority of cells, while the interneuron population amounts to less than 10 % (Buhl and
Whittington, 2007). The regions of the hippocampal formation are connected in a mainly
unidirectional manner with the entorhinal cortex serving as the start and end point of the
circuit loop, which the hippocampal formation uses to process information (Fig. 1.1B). The
majority of neocortical input to the hippocampal formation is received by the entorhinal
cortex, whose layer Il neurons project, via the perforant pathway, to the dentate gyrus and
provide over 80 % of its input (Kobayashi and Amaral, 1999). Via the mossy fibre pathway, the
granule cells of the dentate gyrus connect with the pyramidal cells of CA3, which in turn
provide the major input, the Schaffer collaterals, to the pyramidal cells of CAl. The loop is
closed by projections to the entorhinal cortex from CA1 directly or indirectly via the subiculum.
This circuit (Fig. 1.1B) describes the main excitatory connections within the hippocampal
formation, but is a simplified version of the real network and additional intrinsic and extrinsic
connections to and from various hippocampal fields also contribute. For example, the
entorhinal cortex also projects to CA3, CA1 and subiculum directly and both dentate gyrus and
the CA fields receive inputs from basal forebrain, hypothalamus and brain stem (Witter and
Amaral, 2004; Amaral and Lavenex, 2007). Furthermore, the extensive inhibitory interneuron
circuits play a pivotal role in shaping the network activity of the hippocampal formation
(Spruston and McBain, 2007). Apart from glutamate as the main excitatory and GABA as the
major inhibitory transmitter of the hippocampus formation, others neurotransmitters like ACh
and the monoamines noradrenaline, dopamine, serotonin and histamine also contribute to the

regulation of the hippocampal network (Kobayashi and Amaral, 1999).

1.1.2 Glutamatergic and cholinergic systems in the hippocampus

As mentioned, glutamate acts as the main excitatory transmitter of the hippocampal formation
and is responsible for the excitatory synaptic transmission in the so-called tri-synaptic circuit
i.e. projections from entorhinal cortex to dentate gyrus to CA3 and to CA1l described above.
Glutamate mediates this transmission by activating ionotropic receptors, AMPA (GIuA,
nomenclature for proteins according to IUPHAR classification (Collingridge et al., 2009)) as well
as NMDA (GluN) receptors, and the opening of these non-selective cation channels causes the
postsynaptic neuron to depolarise. The role of kainate (GluK) receptors in synaptic
transmission is not well characterised, but their activation by glutamate enhances the
excitation of CA3 pyramidal neurons by mossy fibres (Castillo et al., 1997). NMDA receptor
activation at Schaffer collateral/CA1 pyramidal neuron synapses and in particular the
subsequent influx of Ca®* induces changes in synaptic plasticity that is required for long-term

potentiation (LTP) (Bliss and Collingridge, 1993). lonotropic glutamate receptors are also
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localised on inhibitory interneurons and their excitation contributes to the regulation of
hippocampal network activity by various feed-forward and feed-backward circuits (Freund and

Buzsaki, 1996; Jonas et al., 2004).

On the other hand, glutamate also produces slower responses by acting on metabotropic
glutamate receptors (mGIuRs), which are coupled to heterotrimeric G-proteins and activate
intracellular signalling cascades. Eight mGIuR subtypes are known and they are classified into
three groups according to sequence similarities and pharmacological and functional profiles: (l)
mGlu; and mGlus, (1) mGlu, and mGlu; and (lll) mGlu,, mGlug, mGlu; and mGlug; with group (I)
coupling to G-proteins of the G, subfamily and activating PLCB and group (Il) and (l1l) signalling
via G-proteins of the G; subfamily and inhibiting adenylyl cyclase (AC) (Niswender and Conn,
2010). mGluRs are localised mainly outside the pre- and postsynaptic areas and are thus
thought to be activated by the spillover of glutamate from the synaptic cleft following high
frequency release of glutamate from presynaptic terminals (Lujan et al., 1996; Lujan et al.,
1997; Shigemoto et al., 1997). The modulatory effects of mGIuR activation at presynaptic and
postsynaptic sites influence synaptic transmission and neuronal excitability in the
hippocampus formation. Furthermore, mGIluRs have been linked to synaptic plasticity, since
LTP induction has been shown to involve mGIuR activation (Bashir et al., 1993; Anwyl, 2009).
At the presynaptic neuron group Il and Ill mGIuRs inhibit glutamate release from principal
neurons by acting as autoreceptors (Scanziani et al., 1997) and also suppress GABA release
from interneurons (Semyanov and Kullmann, 2000; Kogo et al., 2004). This modulation of
transmitter release by mGluRs is mediated by the suppression of voltage-gated Ca®* (Cay)
channels as well as by direct inhibition of the machinery involved in transmitter exocytosis
(Scanziani et al., 1995; Takahashi et al., 1996; Anwyl, 1999; Cartmell and Schoepp, 2000). At
the postsynaptic neuron the activation of the group | mGluRs, mGlu; and mGlus, causes
depolarisation and leads to increased firing (Davies et al., 1995; Mannaioni et al., 2001). These
mGluRs increase neuronal excitability by modulating various ion channels including Ca®'
channels (Swartz and Bean, 1992; Sahara and Westbrook, 1993), various K" channels (Anwyl,

1999) and non-selective cation channels (Crépel et al., 1994; Guérineau et al., 1995).

In the hippocampal formation, the actions of the neurotransmitter ACh present a powerful
system that modulates hippocampal network activity and oscillation state as well as synaptic
plasticity by acting on nicotinic and muscarinic receptors. Cholinergic projections to the
hippocampal formation originate in the medial septum nucleus and in the nucleus of the
diagonal band of Broca and innervate the hippocampus via the fimbria-fornix pathway (Dutar
et al., 1995). Cholinergic afferents form synaptic connections with principal cells as well as with

interneurons, but also provide diffuse, non-synaptic transmission to the hippocampal
14



formation so-called volume transmissions (Frotscher and Léranth, 1985; Vizi and Kiss, 1998). A
pivotal role of ACh in the hippocampal formation is its regulation of oscillation states such as
the hippocampal theta rhythm, which is abolished when septohippocampal projections are
damaged (Stewart and Fox, 1990; Buzsaki, 2002; Yoder and Pang, 2005). The synchronous
membrane oscillations of 4-10 Hz are thought to constitute the temporal framework for the
encoding of information. It allows for the precise firing of cells and influences synaptic
plasticity, since LTP induction is known to be enhanced during the peak of theta wave (Huerta

and Lisman, 1995).

ACh activates muscarinic acetylcholine receptors (mAChRs) as well as nicotinic acetylcholine
receptors (nAChRs). mAChRs (M) are GPCRs, of which five subtypes are known, Mi_s. M, M3
and Ms couple to G-proteins of the G, subfamily and activate PLCB, while M, and M, coupled
to G-proteins of the G; subfamily cause the inhibition of AC (Caulfield and Birdsall, 1998).
mAChRs are widely expressed throughout the brain with M; being the prevalent receptor
subtype, followed by M, and M, and then by M3 and M; at low levels (Levey et al., 1991;
Reever et al., 1997; van der Zee and Luiten, 1999). In the hippocampal formation M; and M,
receptors are predominantly located in principal cells (pyramidal neurons and granule cells),
while M, and M, are found mainly in interneurons; the weak expression of Ms prevents a clear
characterisation (Levey et al., 1995; van der Zee and Luiten, 1999; Volpicelli and Levey, 2004).
The overall effect of postsynaptically located mAChRs is the increase in excitability of principal
neurons caused by the modulation of various ionic conductance including several K*, mixed
cation as well as Ca** currents (Cobb and Davies, 2005). mAChRs activation is also known to
enhance the NMDA response of a hippocampal pyramidal neuron (Markram and Segal, 1990;
Marino et al., 1998). On interneurons mAChRs cause depolarisation, but also mediate the
inhibition of GABA release when located at synaptic terminals and thus have a strong
regulatory control over hippocampal network activity (Pitler and Alger, 1992; Behrends and
ten Bruggencate, 1993). This effect of presynaptic localised mAChRs is also observed on
glutamatergic and, as autoreceptors, on cholinergic terminals (Raiteri et al., 1990; Rouse et al.,

1999).

The second type of receptors activated by ACh is the group of nAChRs, which are ionotropic
receptors permeable to Na®, K* and Ca®*. In the hippocampus formation several nAChR
subtypes are expressed presynaptically and postsynaptically, namely a7, a4B2 and a3p4
(Alkondon and Albuquerque, 2004; Drever et al., 2011). Alpha7, the prevailing subtype and
highly permeable to Ca®*, is also found at glutamatergic and GABAergic terminals, where it
increases transmitter release and thus modulates synaptic transmission (Séguéla et al., 1993;

Wonnacott, 1997; Fabian-Fine et al., 2001). Postsynaptically, the opening of nAChRs causes
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depolarisation and increases intracellular Ca®* levels. nAChRs are strongly expressed on
GABAergic interneurons and their activation influences overall hippocampal network activity
by modulating the excitability of hippocampal circuits and thus synaptic plasticity (Ji et al.,
2001; Drever et al., 2011).

1.2 Afterhyperpolarizations

Hippocampal network activity is regulated by a number of processes and various ionic
conductances determine neuronal excitability and firing patterns of hippocampal pyramidal
neurons, which in turn contributes to the encoding of information. K* conductances, for
example, have a major influence on these intrinsic neuronal properties and underlie
afterhyperpolarization (AHP) that follows single or trains of action potentials. AHP controls the
firing frequency of neurons and generates spike frequency adaptation. It consists of three
distinct phases with fast (f), medium (m) and slow (s) kinetics (Fig. 1.2A; Alger and Nicoll, 1980;
Hotson and Prince, 1980; Lancaster and Nicoll, 1987; Storm, 1987a and 1989), which are
mediated by the opening of Ca**-activated as well as voltage-gated K" channels. While fAHP
contributes to action potential repolarisation, mAHP is responsible for early and sAHP for late
spike frequency adaptation i.e. the slowing down or termination of firing in response to a
prolonged stimulus (Fig. 1.2B; Storm, 1990). AHP and its modulation play a crucial role in

shaping neuronal excitability.

A B

adaptation
. early late
____________ —_
|
AHP underlying
potential current
fAHP Ic
mAHP I, lanp, Ic
sAHP Slanp
Figure 1.2 Afterhyperpolarizations and the generation of spike frequency adaptation. (A)

Afterhyperpolarizing potentials of fast (fAHP), medium (mAHP) and slow (sAHP) kinetics (from Sah,
1996). The current I is underlying fAHP, Iy, laqe and Ic are underlying mAHP and slap underlies sAHP
(table). (B) The adaptation of the firing pattern in response to a prolonged stimulus is generated by
mAHP, responsible for early spike frequency adaptation, and sAHP, underlying late spike frequency
adaptation (adapted from Storm, 1990).
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1.2.1 Fast afterhyperpolarization (fAHP)

fAHP can be observed following a single action potential and the current underlying fAHP has
been identified as I, which displays rapid activation (1-2 ms) and deactivation kinetics (within
tens of milliseconds), is sensitive to submillimolar concentrations of tetraethylammonium
(TEA) and is mediated by the opening of large-conductance potassium (BK) channels (Kc,1.1)
(Brown et al., 1990; Storm, 1990). Kc,1.1 channels are K" channels that display a single-channel
conductance of 100-250 pS (Gribkoff et al., 2001). Kc,1.1 channels are voltage- and Ca”'-
dependent and thus activate in response to both membrane depolarisation and a rise of
intracellular Ca*', as is the situation during action potential generation. Both stimuli act
allosterically to increase the open probability of the channel: Ca** sensitivity is increased at
more depolarised potentials, just as high intracellular Ca** levels allow the channel to activate
at more negative potentials (McManus, 1991; Cui et al., 2009). The opening of Kc,1.1 channels
contributes to spike repolarisation and hyperpolarisation, and acts as a feed-back mechanism
to limit the activity of voltage-gated Ca®* channels (Cay), with which they are closely associated

(Berkefeld et al., 2006), and thus participates in the control of neuronal excitability.

Kca1.1 channels consist of a pore-forming a subunit tetramer (Shen et al., 1994) and associated
B subunits, of which four subunits (B1-4) are known (Orio et al., 2002). Kc,1.1 channel a
subunits have seven transmembrane segments (S0—6), an extracellular amino-terminus and a
large intracellular carboxyl-terminus, and segments S1-6 show similarity to voltage-gated
potassium (Ky) channels in that S1-4 constitute the voltage sensor domain and S5—6 the pore-
forming domain (Meera et al.,, 1997). Unlike Ky channels, voltage sensitivity is not
predominantly conveyed by S4, but to a large extent also by residues on S2 and S3 (Ma et al.,
2006; Pantazis et al., 2010). The large carboxyl-terminus of the a subunit, around two-thirds of
the total protein, contains the segments S7—10, two tandem RCK (regulator of K" conductance)
domains that constitute the channel’s gating ring and a highly conserved section of aspartate
residues termed the “Ca”** bow!” (Latorre et al., 2010). Partial deletions or point mutations of
the Ca®* bowl results in a reduction in Ca** sensitivity (Schreiber and Salkoff, 1997; Latorre and
Brauchi, 2006). Ca* sensitivity is, however, not completely abolished, hence K¢,1.1 channels
must contain more than one Ca”* sensor (Bao et al., 2002; Xia et al., 2002). Crystallography has
verified the two tandem RCK domains and has established that the Ca** bowl is part of the

second RCK, but no further Ca** sensing domains have been identified (Yuan et al., 2010).

Despite being functional on their own, most a subunit tetramers associate with B subunits,
which perform modulatory functions by influencing the Kc,1.1 channels’ Ca**- and voltage
sensitivity, kinetics as well as pharmacological profile (Orio et al., 2002). The B subunits consist

of two transmembrane segments and have intracellular amino- and carboxyl-termini.
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Functional coupling of the B subunits with a is achieved by contact of the first transmembrane
segment of the B subunit with S1 and S2 of the a subunit and of the second transmembrane
segment of the B subunit with SO of the a subunit (Liu et al., 2010; Wu et al., 2013). B1 is
mainly expressed in smooth muscles, 2 and B3 are found more widespread, but show limited
expression in brain, while B4 is predominately expressed in neuronal tissue (Berkefeld et al.,
2010). Depending on subunit type, the assembly of B with a subunits can produce Kc,1.1
channels with diverse profiles. Bl co-assembly enhances Ca”* sensitivity, which allows the
channel to open at more negative potentials and to display greater open probabilities as well
as slower activation and deactivation kinetics (Knaus et al., 1994; Bao and Cox, 2005). K¢,1.1
channels tend to be non-inactivating, whereas B2 association causes them to inactivate
completely (Bentrop et al., 2001) and B3 association incompletely (Lingle et al., 2001). K¢,1.1
channels containing the PB4 subunit display activation and deactivation kinetics that are
modulated in a Ca**-dependent manner (Brenner et al., 2000; Ha et al., 2004). Kc,1.1 channels
are blocked by submillimolar concentrations of TEA and by several toxins like charybdotoxin
and iberiotoxin (Shen et al., 1994; Kaczorowski et al., 1996). Their pharmacological profile is
influenced by the B subunits, for example, B2-4 association mediates a reduction in
charybdotoxin sensitivity with B4 displaying the lowest affinity, while 1 association produces

high affinity for charybdotoxin (Hanner et al., 1997; Meera et al., 2000; Berkefeld et al., 2010).

In line with the properties of Kc,1.1 channels, the generated current I¢ is abolished when Ca** is
removed, either extracellularly or by the Ca”* chelator BAPTA (Lancaster and Nicoll, 1987;
Storm, 1987a and b). EGTA, another Ca®" chelator, does not bind Ca®* fast enough to prevent
Kca1.1 channel activation (Lancaster and Nicoll, 1987; Storm, 1987b; Berkefeld et al., 2006).
This indicates the close proximity of Kc,1.1 and Cay channels, estimated to be <30 nm for Kc,1.1
and Cay2.2/N-type in hippocampal pyramidal neurons (Marrion and Tavalin, 1998).
Furthermore, I. is not modulated by neurotransmitters such as noradrenaline or the
cholinergic agonist carbachol (CCh) (Brown and Griffith, 1983; Lancaster and Adams, 1986;
Lancaster and Nicoll, 1987; Madison et al., 1987). Elimination of I, either by the removal of
Ca’* or the application of TEA or other K¢,1.1 channel blockers (charybdotoxin and iberiotoxin)
causes an increase in action potential duration and the abolition of fAHP (Storm, 1987a) thus

confirming the role of I in spike repolarisation and as the underlying current for fAHP.

1.2.2 Medium afterhyperpolarization (mAHP)

Single as well as bursts of action potentials are followed by fAHP and then by an
afterhyperpolarization with medium kinetics (mAHP), displaying an activation time of <5 ms
and a decay phase lasting hundreds of milliseconds (Gustafsson and Wigstrom, 1981; Storm,

1989). These kinetic properties and its influence on membrane repolarisation allow mAHP to
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control interspike frequency and make it responsible for the early phase of spike frequency
adaptation (Fig. 1.2B; Stocker et al., 1999; Shah et al., 2006). At hyperpolarized potentials
mAHP is generated by I, a Cs'-sensitive, mixed cation (K" and Na‘) current mediated by
hyperpolarization-activated cyclic nucleotide-regulated (HCN) channels (Halliwell and Adams,
1982; Storm, 1989; Gu et al., 2005). Four subtypes (HCN1-4) are known and HCN channels are
tetramers with each subunit consisting of six transmembrane segments (S1-6) and
intracellular amino- and carboxyl-termini. S4 functions as the voltage sensor and the pore
forming region is located between S5 and S6. Activation of HCN channels is caused by
hyperpolarization and is facilitated by the interaction with cyclic nucleotides (especially cyclic

adenosine monophosphate; cAMP), which cause the channel to open faster (Biel et al., 2009).

The currents underlying mAHP are |, mediated by voltage-gated K* channels (KCNQ (Ky7)),
laup, generated by Ca**-activated small conductance K* channels (SK (Kc,2)) and to a small
extent Ic, which is caused by BK channels (K¢,1.1). The contribution of I¢ is supported by the
description of a fast Ca’*-dependent component of the mAHP as well as a reduction in early
spike frequency adaptation upon blocking of Kc,1.1 channels (Lancaster and Nicoll, 1987;

Storm, 1989).

KCNQ channels (Ky7), responsible for Iy (classically known as M-current), are activated by
depolarisations exceeding -60 mV, display slow activation kinetics and deactivate over ~ 50 ms,
and do not inactivate (Brown and Adams, 1980; Storm, 1990). The K7 channel family
comprises five members, of which K,7.1 is found predominantly in heart (Wang et al., 1996),
while the other four, K7.2-7.5, are expressed in the nervous system (Wang, H-S et al., 1998;
Kubisch et al., 1999; Lerche et al., 2000; Schroeder et al., 2000). K7 channels are formed by
four subunits, which arrange around a central pore and each have six transmembrane
segments (S1-6) and intracellular amino- and carboxyl-termini (Robbins, 2001; Howard et al.,
2007; Nakajo et al., 2010). The pore forming region of the subunits is located between S5 and
S6, while the positively charged S4 serves as the voltage sensor. Unlike other Ky channels, for
which the T1 domain of the amino-terminus is responsible for tetramerization, the assembly of
Ky7 channels is mediated by their carboxyl- terminus (Haitin and Attali, 2008). The carboxyl-
terminus of Ky7 channels is particularly long (300-500 residues) and its distal part contains a
conserved region, the A-domain that comprises two coiled coil motifs (the A-domain head, also
called tetramerizing coiled coil 1, and the A-domain tail (tetramerizing coiled coil 2)) and is
crucial for channel assembly, tetramerization and trafficking (Schmitt et al., 2000; Schwake et
al., 2000; Maljevic et al., 2003; Schwake et al., 2003; Howard et al., 2007). The proximal part of
the carboxyl-terminus possesses two conserved motifs that constitute the binding site for the

Ca’* sensor calmodulin (CaM) (Wen and Levitan, 2002; Yus-Najera et al., 2002; Gamper and
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Shapiro, 2003). CaM binds to K7 channels constitutively, with or without Ca%* being present,
and is essential for channel function as well as being implicated in the assembly and gating of
some Ky7 channels (Wen and Levitan, 2002; Shamgar et al., 2006). CaM mediates the Ca*'
sensitivity of K7 channels and is responsible for the inhibition of K7 channels upon the rise of
intracellular Ca®* (Gamper and Shapiro, 2003). However, this CaM-mediated inhibition varies
between different K7 subunits with Ky7.2, Ky7.4 and K,7.5 channels being affected, while

Ky7.1 and Ky7.3 are not (Gamper et al., 2005).

In heterologous expression systems, all K7 subunits are able to assemble as homomultimers
and in certain combinations as heteromultimers, whereas under physiological conditions
channels are thought to be mainly heteromultimers consisting of either K7.2, K,7.4 or K\7.5
subunits in combination with K,7.3 at equal stoichiometry, with K\7.2/7.3 being the
predominant combination (Wang, H-S et al., 1998; Kubisch et al., 1999; Jentsch, 2000;
Schroeder et al., 2000; Shah et al., 2002; Hadley et al., 2003; Bal et al., 2008). Furthermore,
Kv7.1 channels associate with members of the KCNE family, which encompasses five members
(KCNE1-5) that act as auxiliary subunits for several Ky channels and consist of one
transmembrane segment with an extracellular amino-terminus and a cytosolic carboxyl-
terminus (Barhanin et al., 1996; Sanguinetti et al., 1996; McCrossan and Abbott, 2004).
Ky7.1/KCNE channels are proposed to consist of two KCNE B subunits assembled with four
Ky7.1 o subunits (Chen et al.,, 2003; Morin and Kobertz, 2008), although a variable
stoichiometry of up to four KCNE subunits per K,7.1 tetramer has also been suggested (Wang,
W et al., 1998; Nakajo et al., 2010). While K\7.1 channels produce fast activating currents, the
association with KCNE1 B subunits results in slower activation kinetics and increased current
amplitudes (McCrossan and Abbott, 2004). In the heart Ky7.1/KCNE1 channels are responsible
for lg, the slow delayed rectifier current crucial for cardiac action potential repolarisation

(Barhanin et al., 1996; Sanguinetti et al., 1996).

Iv resembles currents generated by K,7.2/7.3 channels (Wang, H-S et al., 1998), but it can also
be produced by other combinations of neuronally expressed channels and thus, depending on
neuron type, Ky7 channels of different subunit compositions are likely to generate Iy
(Schroeder et al., 2000; Selyanko et al., 2000; Shah et al., 2002; Tzingounis and Nicoll, 2008;
Brown and Passmore, 2009). In the hippocampus K7.2/7.3 as well as K\7.3/7.5 channels along
with some contribution of homomeric Kv7.2 and Kv7.5 channels are suggested to underlie |y,
(Shah et al., 2002; Peters et al., 2005; Tzingounis et al., 2010). |, is inhibited by mAChR
agonists such as ACh and muscarine and its suppression can be reversed by the mAChR
antagonist atropine (Halliwell and Adams, 1982; Storm, 1989). Ky7 channels are also blocked
by linopirdine (ICsp: 3.7—>200 uM) and XE991 (ICsp: 0.7-70 uM) as well as by TEA (ICso: 0.3—
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>30 mM); sensitivity of Ky7 subunits to the blockers is variable and the order for example with
TEA is Ky7.2 > Ky7.4 = K\7.1 > K7.5 > K\7.3 (Storm, 1989; Hadley et al., 2000; Schroeder et al.,
2000; Robbins, 2001). The activation of M;, mAChRs coupled to the pertussis toxin-insensitive
G-proteins of the G, family, mediates the inhibition of Iy, (Caulfield et al., 1994; Selyanko et al.,
2000) by decreasing the level of membrane phosphatidylinositol 4,5-bisphosphate (PIP,) which
is required for K7 channels to open (Zhang et al., 2003; Brown et al., 2007; Hernandez et al.,

2008).

Small conductance potassium (SK) channels (Kc,2), which generate Insp, are Ca’*-activated K*
channels that have a single channel conductance of ~10 pS and display activation kinetics of 5—
15 ms and deactivate over ~50 ms (Kohler et al., 1996; Xia et al., 1998; Stocker, 2004). The K¢,2
family encompasses three members (K,2.1-2.3) that are expressed throughout the nervous
system and each display a characteristic expression pattern that, in the case of K¢,2.1 and
Kca2.2, overlaps in some brain areas such as CA1-3 of hippocampus (Koéhler et al., 1996;
Stocker and Pedarzani, 2000; Sailer et al., 2002). Each subunit of the tetrameric channel
comprises six transmembrane segments (S1-6) with a pore domain between S5 and S6 and
cytosolic amino- and carboxyl-termini. Compared to Ky channels, Kc,2 channels have less
positively charged residues in S4, which renders them voltage insensitive (Kéhler et al., 1996;
Stocker, 2004). Kc,2 channels are activated by intracellular Ca®*, towards which they display
high sensitivity (ECsp: 0.3—0.7 uM; (Kohler et al., 1996; Hirschberg et al., 1998; Xia et al., 1998;
Hirschberg et al., 1999). However, instead of having an intrinsic Ca* binding motif, activation
of Kc,2 channels is mediated by the Ca** sensor CaM, which constitutively binds to each of the
four channel subunits (Xia et al., 1998; but see Halling et al., 2014). The CaM binding domain is
located in the carboxyl-terminus of the K.,2 channel subunit, directly neighbouring S6, and the
constitutive association of CaM with the CaM binding domain is mediated by amino acids in
the carboxyl-terminal half of CaM, while two EF hand motifs at the amino-terminus of CaM are
responsible for Ca** binding and channel gating (Keen et al., 1999). Crystallization studies have
shown that when Ca®' is bound, the amino-terminus of CaM is associated with the CaM
binding domain of a second K2 subunit (dimerization; Schumacher et al., 2001). This is
thought to cause conformational changes that are conveyed to S6 of the K¢,2 channel subunits
and result in channel opening. Because of the constitutive association between CaM and the
Kca2 channel, changes to the intracellular Ca** level are rapidly transduced to the channel. The
Ca®* sensitivity of Kc,2 channels is modulated by additional binding partners to the Kc.2
channel/CaM complex, namely protein kinase CK2 and protein phosphatase 2A, which
counterbalance each other: CK2 phosphorylates CaM when the channel is in the closed state

and thus reduces Ca®" sensitivity, while the dephosphorylation of CaM by protein phosphatase
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2A occurs only when the channel is open and results in an increase in Ca®" sensitivity (Bildl et
al., 2004; Allen et al., 2007). Apart from conveying Ca* sensitivity to the K¢,2 channel, CaM
binding has also been implicated in the trafficking of the channel to the plasma membrane
(Lee et al., 2003). In hippocampus, small conductance Ca**-activated K* channels, thought to be
Kea2 channels, are localised in close proximity (50-150 nm) to Cay channels (Cayl.2 and
Cay1.3/L-type Ca®* channels), which open during action potentials and causes the increase in
intracellular Ca®* that activates these K* channels (Marrion and Tavalin, 1998). Other Ca*'
sources such as Ca’* release from intracellular stores and the influx of Ca** through ligand-
gated ion channels (NMDARs and nAChRs) and Cay2.3 channels (R-type Ca** channels) have

also been shown to activate Kc,2 channels (Adelman et al., 2012).

Although heteromeric Kc,2 channels are formed in heterologous expression systems
(Kca2.1/2.2, Ishii et al, 1997; K¢,2.1/2.3 and K¢,2.2/2.3, Monaghan et al., 2004), their existence
in native tissue is not well defined or has been excluded (no assembly between K¢,2.2 and
Kca2.3, Sailer et al., 2002). Members of the Kc,2 channel family display different levels of
sensitivity to the specific Kc,2 channel blocker apamin, with K¢,2.2 being the most sensitive
(ICs0: 27-140 pM), followed by K¢,2.3 (ICso: 0.6—4.0 nM) and K¢,2.1 (ICsp: 0.7-12 nM) (Pedarzani
and Stocker, 2008). At first, K.,2.1 was described as being apamin-insensitive (Kohler et al.,
1996; Ishii et al., 1997), but later studies determined its low apamin sensitivity (Shah and
Haylett, 2000a; Strgbaek et al., 2000). Other toxins and compounds that inhibit K,2 channels
include scyllatoxin, tamapin, d-Tubocurarine (dTC), bicuculline and high millimolar
concentrations of TEA (Pedarzani and Stocker, 2008). The modulation of Kc,2 channels by
neurotransmitters is not well established, but noradrenaline (Maingret et al., 2008) and ACh
(Buchanan et al., 2010; Giessel and Sabatini, 2010) are suggested to inhibit K¢,2 channels via
associated kinases, namely protein kinase CK2 or protein kinase C (PKC). A role of glutamate
and protein kinase A (PKA) in the modulation of K¢,2 channels has also been suggested

(Pedarzani and Stocker, 2008).

In hippocampus, the existence of I,y and its contribution to mAHP has been shown through its
inhibition by apamin, which therefore establishes K¢,2 channels as the channels generating this
Ca’*-activated current (Stocker et al., 1999; Sailer et al., 2002). Moreover, K2 channel
expression in hippocampus (Stocker et al., 1999; Stocker and Pedarzani, 2000; Sailer et al.,
2002) matches the reported distribution of apamin binding sites (Mourre et al., 1986; Gehlert
and Gackenheimer, 1993). The most apamin-sensitive Kc,2 channel subunit K¢,2.2 is highly
expressed, especially in CA1 and CA3, and is suggested to underlie I,p, While Kc,2.1, which is
localised in the same regions, is not believed to play a role due to its lower apamin sensitivity,

however, the contribution of heteromeric Kc,2.1/2.2 channels to |, cannot be excluded
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(Stocker and Pedarzani, 2000; Sailer et al., 2002). Studies of Kc,2 channel knock-out mice have
revealed the responsibility of Kc,2.2 underlying layp, Whereas the current is not affected in
Kea2.1 and Kc,2.3 knock-out mice, nevertheless a role of heteromeric K¢,2.1/2.2 channels can
also not be ruled out completely (Bond et al.,, 2004). The contribution of layp to MAHP in
hippocampus is, however, contested by studies, which show an apamin-insensitive mAHP and

suggest that only |, Ic and I, underlie mAHP (Gu et al., 2005 and 2008).

1.2.3 Slow afterhyperpolarization (sAHP)

sAHP is observed after a train of action potentials and is characterised by its slow kinetics, its
Ca’* dependency as well as by its modulation by various neurotransmitters (Storm, 1990; Sah,
1996). It is responsible for the late phase of spike frequency adaptation and thus restricts the
repetitive firing of action potentials and contributes greatly to the control of neuronal
excitability (Fig. 1.2B; Alger and Nicoll, 1980; Hotson and Prince, 1980; Madison and Nicoll,
1982 and 1984; Lancaster and Nicoll, 1987). sAHP has been described in pyramidal neurons in
CA1-3 of hippocampus as well as in the cortex and several other areas of brain, but is not as
widely seen as mAHP (Stocker et al., 2004). sAHP activates over several hundreds of
milliseconds and decays over seconds (Hotson and Prince, 1980; Lancaster and Adams, 1986;
Sah and Clements, 1999; Gerlach et al., 2004), thus presents very slow kinetics compared to
fAHP and mAHP. sAHP kinetics are highly temperature dependent, an increase in temperature

results in faster activation and decay (Thompson et al., 1985; Lancaster and Adams, 1986).

The K* current underlying sAHP has been named slap and its properties include voltage
insensitivity, activation by Ca*" and a single channel conductance of 2-5 pS (Hotson and Prince,
1980; Lancaster and Adams, 1986; Sah and lsaacson, 1995). The search for the channel
mediating slayp is hampered by the lack of specific blockers, since it is insensitive to non-
selective K* channel blockers like TEA or 4-aminopyridine (4-AP) as well as the toxin apamin
(Lancaster and Adams, 1986; Lancaster and Nicoll, 1987; Storm, 1989; Stocker et al., 1999).
Reports proposing a block of the channel generating slayp by the clotrimazole analogues,
UCL2027 and UCL2077, is the only exception (Shah et al., 2001 and 2006; Soh and Tzingounis,
2010).

The activation of slyp depends on intracellular Ca’ concentration (threshold at
[Ca®]; = 160 nM) (Abel et al., 2004) and can be eliminated by the removal of extracellular Ca*,
the application of Ca®* channels blockers like cadmium or the intracellular application of Ca**
chelators such as EGTA and BAPTA (Schwartzkroin and Stafstrom, 1980; Madison and Nicoll,
1982 and 1984; Lancaster and Adams, 1986; Zhang et al., 1995). The extracellular source of

Ca’* to activate slusp is via Cay channels, which open during action potential firing and the
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involvement of Cay1 channels (L-type) has been determined by specific channel inhibitors such
as isradipine and nifedipine, which suppress slayp (Tanabe et al., 1998; Shah and Haylett,
2000b; Lima and Marrion, 2007). In contrast, inhibition of Cay2.1 (P/Q-type) and Cay2.2 (N-
type) channels does not suppress slayp (Tanabe et al., 1998; Lima and Marrion, 2007; but see
Shah and Haylett, 2000b). Of the two main neuronal Cay1 channel subtypes the deletion of
Cay1.3, but not Cay1.2, reduces sAHP (Gamelli et al., 2011). In addition to its direct action, Ca**
entering the cell through Cay channels also causes Ca**-induced Ca”* release. Such a process
contributes to the activation of slayp, since slaye is diminished when intracellular Ca®* stores are
depleted by Ca** ATPase inhibitors or when Ca** release from stores is inhibited by the block of
ryanodine receptors (RyR3) (Tanabe et al., 1998; Shah and Haylett, 2000b; van de Vrede et al.,
2007; but see Zhang et al., 1995). slayp amplitude is directly related to the amount of Ca*
entering the cell; increasing the duration and intensity of the depolarising step (or of the
current pulses when recording sAHP) augments sl,p amplitude with peak values being reached
when [Ca®']; reaches 250-350 nM (Abel et al., 2004), while changing Ca*" does not affect slyp
kinetics (Hotson and Prince, 1980; Gustafsson and Wigstrém, 1981; Madison and Nicoll, 1984;
Lancaster and Adams, 1986; Gerlach et al., 2004).

A key characteristic of slap is its susceptibility to neurotransmitter modulation, which presents
a way to control cell excitability and firing properties. slayp is suppressed by the monoamine
neurotransmitters dopamine (Benardo and Prince, 1982; Pedarzani and Storm, 1995),
histamine (Haas and Konnerth, 1983; Pedarzani and Storm, 1993), noradrenaline (Madison and
Nicoll, 1982; Haas and Konnerth, 1983; Lancaster and Adams, 1986; Madison and Nicoll,
1986a; Pedarzani and Storm, 1993; Blitzer et al., 1994) and serotonin (Andrade and Nicoll,
1987; Colino and Halliwell, 1987; Pedarzani and Storm, 1993; Torres et al., 1995). Other
neurotransmitters like glutamate (Charpak et al., 1990) and ACh (Cole and Nicoll, 1983;
Madison et al., 1987) also suppress slayp. Slayp modulation by neurotransmitter is not caused by
changes to the Ca’" influx into the cell given that Ca* spikes are not affected when sl is
blocked (Cole and Nicoll, 1983; Madison and Nicoll, 1986a; Knopfel et al., 1990; Pedarzani and
Storm, 1995). Monoamine neurotransmitters inhibit sla.p by acting on GPCRs coupled to G-
proteins of the G, family and thus via the second messenger cAMP, which is derived from ATP
by Ga, stimulated AC and causes activation of PKA (Madison and Nicoll, 1986b; Pedarzani and
Storm, 1993 and 1995; Torres et al., 1995). The suppression of sly,p by monoamine
neurotransmitters is prevented when PKA is blocked by the intracellular application of the PKA
inhibitors, Rp-adenosine-3’,5’-cyclic monophosphorothioate (Rp-cAMPs) and Walsh peptide
(PKI) (Pedarzani and Storm, 1993 and 1995). In contrast the application of either forskolin,

which activates AC and thus increases cAMP levels, or cAMP analogues 8-bromoadenosine
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3’,5’-monophosphate (8-Br cAMP) and 8-(4-chlorophenylthio) adenosine 3’,5'-cyclic
monophosphate  (8CPT-cAMP), suppress slayp and so behave like monoamine
neurotransmitters (Madison and Nicoll, 1986b; Pedarzani and Storm, 1993; Torres et al., 1995).
Thus inhibition of sl seems to involve a phosphorylation step that alters the channel
generating slane either directly or via intermediate proteins (Nicoll, 1988; Pedarzani and Storm,
1993). In contrast the signalling pathways to suppress slap Used by glutamate and ACh are not
well identified. Both neurotransmitters activate GPCRs, mGluRs (Charpak et al.,, 1990) and
mMAChRs (Cole and Nicoll, 1983 and 1984), coupled to pertussis toxin-insensitive G-proteins
(Dutar and Nicoll, 1988; Gerber et al.,, 1992). Unlike monoamine neurotransmitters, the
suppression of slayp by glutamatergic and cholinergic agonists is not altered in the presence of
PKA inhibitors, so neither glutamate nor ACh mediated signalling involves PKA (Gerber et al.,
1992; Pedarzani and Storm, 1993; Blitzer et al., 1994; Pedarzani and Storm, 1996).
Furthermore, the modulatory effect of ACh and glutamate on sl is not mediated by PKC
either as PKC inhibitors do not affect sl suppression (Gerber et al., 1992; Sim et al., 1992;
Engisch et al., 1996). The suppression of slaye by ACh, but not by glutamate, is, however,
reduced when CamKIl is inhibited (Muller et al., 1992; Pedarzani and Storm, 1996).

Ca”* entering the cell during action potentials acts as an important signalling molecule before
being sequestered (Berridge et al., 2003). The slow time course of sl activation does not
match the kinetics of the rise of intracellular Ca** during action potentials (Sah and Clements,
1999). This discrepancy between slaye kinetics and Ca”* signalling has lead to a range of
proposals for the underlying mechanism determining slayp kinetics. The first proposal suggests
that once Ca®" enters the cell it directly binds and activates the channel generating slaye and
explains the slow time scale of sl with a channel location distant from the site of Ca** entry
(Lancaster and Nicoll, 1987; Lancaster and Zucker, 1994). However, such a proposal for
channel activation has been questioned, since the activation kinetics of slayp do not change in
response to higher levels of intracellular Ca®" (Gerlach et al., 2004) and the increase in Slayp
kinetics due to higher temperatures is too large to be explained by the simple diffusion of Ca**
(Lee et al., 2005). The second proposal suggests that opening of the channel generating slayp
might be the reason for the slow kinetics of slyyp. The kinetics of slaye have been examined in
response to the rapid rise or fall of intracellular Ca** following the photolysis of caged Ca** or
Ca’* buffers. One study reports a quick response of sl to increasing and decreasing Ca**
concentrations, which would indicate an underlying channel with fast kinetics and a prominent
role of Ca** diffusion and buffering for slap kinetics (Lancaster and Zucker, 1994). In contrast,
another study depicts a channel generating slayp With slow gating mechanisms, unaffected by

rapid Ca’" level changes, and proposes the direct binding of Ca’" to the channel (Sah and
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Clements, 1999). However, increasing the Ca® influx into the cell results in the shortening of
activation times and thus questions the idea of intrinsically slow channel kinetics (Gerlach et
al., 2004). One mechanism that might result in the slow activation of sla.p, albeit an underlying
channel with fast kinetics, is the delayed facilitation of Cayl channels, which has been
observed in response to a depolarising pulse or a train of action potentials at negative
potentials (-20 —-60 mV) (Cloues et al., 1997; Bowden et al., 2001). A third proposal for the
slow kinetics of slayp is its activation by Ca**-induced Ca** release, which would prolong the
time until the channel is activated. However, it has been shown that Ca’*-induced Ca** release
is not the sole mediator of slayp in hippocampus, but only contributed to its activation (Tanabe
et al., 1998; Shah and Haylett, 2000b; van de Vrede et al., 2007). Lastly, the slow kinetics and
temperature sensitivity of sl have led to the proposal of a second messenger system and
hippocalcin, a family member of the neuronal Ca?* sensor proteins strongly expressed in
hippocampus (Saitoh et al., 1994), as potential Ca®* sensor for slase (Tzingounis et al., 2007).
Upon Ca”* binding hippocalcin translocates to the cell membrane (Markova et al., 2008), where
it is thought to gate the channel generating slayp given that this current is reduced in
hippocalcin knock-out mice (Tzingounis et al., 2007). The absence of a Ca** sensing domain on
the channel could explain the slow time course of slayp. Nevertheless slagp is not completely
suppressed in hippocalcin knock-out mice and maybe hippocalcin is not the only Ca®* sensing
protein mediating slayp activation upon the rise of intracellular Ca®*. Other neuronal Ca*
sensor proteins are also expressed in hippocampus as well as in other brain areas that display
slaye and could contribute to its activation (Paterlini et al., 2000). For example, hippocalcin
expression in cortex is much lower than in hippocampus and neurocalcin §, another neuronal
Ca’* sensor protein, has been shown to perform a comparable role in cortex and could act

alongside hippocalcin in activating slayp (Villalobos and Andrade, 2010).

Finding the channel generating slayp has been the focus of many studies since the early
description of slaye. The channel underlying I was suggested to also be responsible for
generating slayp and the distinct time courses of the two currents were explained by different
channel locations in relation to the site of Ca** entry i.e. channels generating I being located
close to Cay channels and the channels for slaye further away (Lancaster and Adams, 1986).
However, it is accepted that K¢,1.1 channels are responsible for Ic and their characteristics,
such as voltage and TEA sensitivity, fast kinetics and big conductance (section 1.2.1), do not
match the profile of slayp. Another group of channel candidates for slayp emerged with the
identification of Kc,2 channels. Because they are voltage-independent and activated by Ca®,
have smaller conductances than Kc,1.1 channels and are sensitive to TEA only at high

millimolar concentrations (section 1.2.2), they have been proposed to generate sl (Lancaster
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et al., 1991; Kohler et al., 1996; Marrion and Tavalin, 1998; Stocker et al., 1999; Bowden et al.,
2001). However, the apamin sensitivity of Kc;2 channels complicates the picture: on the one
hand it identified Kc,2 channels as being responsible for apamin-sensitive l,yp (Stocker et al.,
1999), on the other hand K¢,2 channels continued to be advocated as the ones generating
apamin-insensitive slaype. This was mainly because the K¢,2.1 subunit was initially described as
apamin-insensitive and its expression overlapped with neurons displaying slaye (Kohler et al.,
1996; Ishii et al., 1997), but was eventually determined to be apamin-sensitive (Shah and
Haylett, 2000a; Strgbaek et al., 2000). Additionally, heteromeric K2 channels with
intermediate apamin sensitivity, such as Kc,2.1/2.2 in heterologous expression system (Ishii et
al., 1997), were thought to account for the different pharmacological and kinetic profiles of | yp
and slayp (Stocker et al., 1999), but their existence in native tissue has not been shown. In
contrast, slayp has been recorded in all three K¢,2 channel knock-out mice (Bond et al., 2004).
Additionally, Kc,2 channel can be discounted as the channel responsible for slayp as it displays
much faster kinetics than seen for sl and are thought to be closely located to Cay channels
(Marrion and Tavalin, 1998) and thus to restricted domains of Ca?*, while sl is activated by

an increase in bulk intracellular Ca** (Abel et al., 2004).

Furthermore, Ky7 channels have recently been linked with the generation of sl in dentate
gyrus and CA3, because slayp is reduced in mice deficient in either K\7.2, K,7.3 or K,7.5
(Tzingounis and Nicoll, 2008; Tzingounis et al., 2010). In addition K7 channels, especially K\7.1
and K,7.2, are blocked by UCL2077, which has been shown to inhibit sSAHP (Shah et al., 2006),
and are therefore implicated in underlying slayp (Soh and Tzingounis, 2010). Retigabine, an
activator of K,7 channels, increases the rate of slyp activation (Kim et al., 2012). But questions
remain on how a voltage-gated K7 channel should be responsible for a current characterised
as voltage-independent, activated by Ca’* and insensitive to K* channel blockers. A proposed
mechanism for the activation of sl involves PIP,, its expression level at the plasma
membrane is known to be raised by Ca®* and its participation in Ky7 channel gating (Zhang et
al., 2003; Hernandez et al., 2008) could promote their opening at more negative potentials
(Andrade et al., 2012). Over-expression of phosphatidylinositol 4 phosphate 5-kinase (PIP5K),
the phospholipid kinase catalysing the production of PIP,, enhances the Ca** sensitivity of slaup,
which suggests a common signalling pathway of Ca** and PIP, to activate sl (Villalobos et al.,
2011). Furthermore, the inhibition of PIP5K, for example by PKA (Park et al., 2001), would
reduce available PIP, and thus hinder Ky7 channel activation, and could present the
mechanism by which monoamine neurotransmitter suppress slayp (Andrade et al., 2012). Ky7
channels are also known to bind CaM, which in response to a rise in intracellular Ca’* mediates

their inhibition, albeit to different degrees (Delmas and Brown, 2005).
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1.3 GPCRs and G-proteins

Cholinergic and glutamatergic innervations of the hippocampus formation as well as the
modulatory effect of ACh and glutamate on sl have been outlined earlier (section 1.1.2 and
1.2.3), but the mechanisms by which sl is suppressed by these neurotransmitters are not
fully identified. ACh and Glutamate exert their action on sl via GPCRs, since agonists of
mAChRs and mGluRs mimic and antagonists prevent the suppression of sl by ACh and
glutamate, while the modulation of slype is unchanged in the presence of nicotinic
acetylcholine receptor and ionotropic glutamate receptor blockers (Cole and Nicoll, 1983 and
1984; Charpak et al., 1990; Ito et al., 1992; Davies et al., 1995). The two groups of GPCRs are
subdivided into M;_s (mAChR) and mGlu,_s (mGIuR) and various approaches have been used to
determine the receptor subtypes mediating the actions of ACh and glutamate on slayp. In the
case of ACh, both M; and M5 are expressed in the principal cells of the hippocampus (Levey et
al.,, 1995) and thus represent good candidates. M, is the prevailing receptor subtype, but
cholinergic agonists continue to suppress slap When M, is blocked by the M; antagonist
pirenzepin, the M; toxin or by gene deletion (Rouse et al., 2000). The exclusion of M;,
establishes a role of Mj; in the modulation of slape, which is supported by earlier
pharmacological findings showing that the application of the M; antagonist 4-DAMP prevents
the cholinergic agonist-induced suppression of slaye (Pitler and Alger, 1990). An involvement of
other mAChRs is unlikely on the basis of their expression and localisation (section 1.1.2) and
results of pharmacological studies, in which the suppression of slaye by cholinergic agonists is
maintained in the presence of M, receptor antagonists (Dutar and Nicoll, 1988; Pitler and
Alger, 1990). mGluRs are divided into three groups (I) mGlu; and mGlus, (II) mGlu, and mGlu;
and (lll) mGlu;, MmGlug, mGlu; and mGlug, but only group (l) antagonists prevent the
suppression of slae by glutamatergic agonists (Davies et al., 1995; Gereau and Conn, 1995).
mGlus is the prevailing subtype of the group () receptors expressed in CA1 pyramidal neurons
(Shigemoto et al., 1992; Fotuhi et al., 1994; Romano et al., 1995) and specific mGlus, but not
mGlu,, antagonists block the suppression of sl by glutamatergic agonists (Mannaioni et al.,

2001).

The involvement of M3 and mGlus agrees with findings that the modulation of slaye by ACh and
glutamate is mediated by GPCRs coupled to pertussis toxin-insensitive G-proteins of the G,
family (Dutar and Nicoll, 1988; Gerber et al., 1992; Offermanns et al., 1994; Blin et al., 1995;
Pin and Duvoisin, 1995; Abdul-Ghani et al., 1996). Experiments in knock-out mice have shown
that Gag, but not Ga;;, mediates the suppression of sl by ACh and glutamate (Krause et al.,
2002). The activation of GPCRs coupled to Ga, stimulates PLCB (Fig. 1.3; Smrcka et al., 1991;

Arkinstall et al., 1995) leading to the hydrolysis of PIP, to produce the second messengers
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inositol 1,4,5-triphosphate (IP3), which causes the release of Ca®* from intracellular stores, and
diacylglycerol (DAG), which in turn activates PKC (McLaughlin et al., 2002; Rhee, 2001). Both
mAChRs (My35) as well as group (I) mGluRs (mGluy;s) have been shown to couple to this
second messenger system (Peralta et al., 1988; Abe et al., 1992; Berstein et al., 1992; Schoepp
et al.,, 1999). However, this classical signalling pathway of GPCRs coupled to Ga, is not
mediating the suppression of slaye by ACh and glutamate, since their modulatory effect on sl
is maintained in the presence of PLC inhibitors as well as in PLCPB knock-out mice (Krause and
Pedarzani, 2000; Young et al.,, 2004). Additionally, the cholinergic and glutamatergic
modulation of slayp is unchanged when IPs;-sensitive stores are blocked by IP; receptor
antagonists (Krause and Pedarzani, 2000) or when PKC inhibitors are applied (Gerber et al.,

1992; Sim et al., 1992; Engisch et al., 1996).

Figure 1.3 Gay signalling. Following the activation by GPCRs, Ga, stimulates its canonical effector
phospholipase C B, which leads to the production of the second messengers inositol 1,4,5-triphosphate
and diacylglycerol. Apart from this classical signalling pathway, Ga, also signals via alternative effectors
and is involved in controlling cellular microenvironments such as the cytoskeleton. Gaq signalling is
assisted by accessory proteins, which for example support the coupling of Gag with GPCRs, and is
controlled by various regulators that for instance accelerate the intrinsic GTPase activity of Gag. (from
Sanchez-Fernandes et al, 2014)

Since the ACh- and glutamate-induced suppression of slayp involves the GPCRs, M3 and mGlus,
and the Gg-protein, but not their principal signalling pathway, the G,-protein must mediate the
regulation of neuronal excitability in conjunction with other downstream effectors (Fig. 1.3).
This question is central to this thesis and thus functions and properties of G-proteins will be
examined closely. As seen above, G-proteins are coupled to GPCRs and link extracellular
stimuli, which activate the receptors at the cell surface, to intracellular signalling cascades and

thus determine a cell’s response. G-proteins belong to the superfamily of GTPases and are
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heterotrimeric guanine nucleotide-binding proteins, which consist of a, B and y subunits (Fung
et al., 1981; Sternweis and Robishaw, 1984; Hamm and Gilchrist, 1996) and function as
molecular switches alternating between inactive (GDP-bound) and active (GTP-bound) states.
They are defined by their a subunit, whose sequence similarities and functional characteristics
subdivide G-proteins into four families G,, G, G and Gy, (Simon et al.,, 1991; Wilkie et al.,
1992). Principally, G-protein a subunits (Ga) of the G (Gas and Ga,) and G; (Ga;, Ga,, Ga,, but
not Ga; and Gay: (cGMP phosphodiesterase)) families target AC, which is either stimulated
(Gs) or inhibited (G;), with therefore opposite effects on intracellular cAMP levels. Alpha
subunits of the G, family (Ga,, Gays, Gays, Gayse) activate PLCB and cause the formation of
second messengers IP; and DAG (Fig. 1.3), while members of the Gy,-protein family (Gay,,
Gay3) activate small GTPases of the Rho family (McCudden et al., 2005). In addition to the
diversity of Ga, multiple subtypes of G-protein B (GB) and y (Gy) subunits have also been
identified (GB1-s, Gy1-12; Ray et al., 1995; McCudden et al., 2005) and unlike initial assumptions
the GBy dimer does not only assist Ga coupling to GPCRs, but has its own array of cellular
targets including ion channels like GIRK (K;3) and Cay channels, PLCB, AC, mitogen-activated
protein kinases (MAPKs) and G-protein-coupled receptor kinases (GRKs) as well as small

GTPases (Clapham and Neer, 1997; McCudden et al., 2005).

Structurally, Ga consists of two domains that create a nucleotide-binding pocket: an a-helical
domain and a Ras-like GTPase domain composed of a helices as well as B sheets (Fig. 1.4A and
Fig. 2.1; Lambright et al., 1994). The Ras-like GTPase domain is conserved throughout the
superfamily of GTPases, is responsible for the binding of the nucleotide and includes three
flexible switch regions that mediate the conformational change of Ga depending on whether
GDP or GTP is bound (Sprang, 1997). GB is composed of seven B-sheet repeats (WD40 repeats)
that arrange in a propeller-like structure and interact with Ga, and of an a-helical amino-
terminus forming a coiled coil with the amino-terminal a-helix of Gy at its entire length and
thus explains the high affinity of GB and Gy that lets them act as a dimer at all times (Fig. 1.4A;
Wall et al., 1995; Sondek et al., 1996; Clapham and Neer, 1997).
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plasma membrane

a-helical domain

Figure 1.4 Structure of the heterotrimeric G-protein and its binding to the G-protein coupled
receptor. (A) The heterotrimeric G-protein consist of Ga and the GBy dimer. Ga is composed of an a-
helical domain (yellow) and a Ras-like GTPase domain (blue). The flexible switch regions (SI-IIl) of Ga are
shown in green and bound GDP in magenta. The dimer is formed of GB (red) and Gy (grey), whose
prenylated carboxyl-terminus is depicted as a saw-tooth wave. Important residues of Ga and G that
interact at the switch region/GB contact site are indicated. (adapted from Johnston and Siderovski,
2007) (B) The seven transmembrane G-protein coupled receptor is depicted in green with
transmembrane segments 1, 5, 6 and 7 (light green) at the front and segments 2, 3 and 4 (dark green) at
the back. The receptor couples to the G-protein via the second (brown) and third (orange) intracellular
loops and the carboxyl-terminus (orange) that leads to the palmitoylation site (cyan). Lipid modifications
on the G-protein are also depicted (cyan). Several regions (red) of the G-protein bind to the G-protein
coupled receptor including the amino- and carboxyl-termini and the a4-B6 loop of Ga and the carboxyl-
terminus and the sixth B-sheet repeat of G as well as the carboxyl-terminus of Gy. (from Hamm, 1998)

In contrast to their separate functions and signalling pathways in the active state, Ga and the
GBy dimer form a complex, when G-proteins are inactive i.e. GDP-bound (Fig. 1.5). The
association between Ga and GBy requires an intact Ga amino-terminus (Neer et al., 1988),
whose residues are responsible for interaction with G (Fig. 1.4A and Fig. 2.1; Wall et al., 1995;
Lambright et al., 1996). GB also binds the switch Il region of Ga and thus stabilizes the inactive
G-protein preventing the release of GDP from Ga (Fig. 1.4A and Fig. 2.1; Wall et al., 1995;
Lambright et al., 1996). In the case of G-, G4- and Gi,-protein families the GBy dimer is also
responsible for the plasma membrane targeting of Ga (Evanko et al.,, 2000 and 2001). G-
proteins attach to the plasma membrane by lipid modifications and the GBy dimer is anchored
to the plasma membrane following prenylation at the carboxyl-terminus of Gy (Fig. 1.4B;
Simonds et al., 1991; Muntz et al., 1992). For Ga a two-signal model is proposed: firstly plasma
membrane targeting either by myristoylation at the amino-terminus of a subunits of the G;-
protein family or by GBy interaction of a subunits of the Gq/1,-protein families and secondly
stable attachment to the plasma membrane by palmitoylation at the amino-terminus of all a
subunits (Fig. 1.4B and Fig. 2.1; Evanko et al., 2000; Chen and Manning, 2001).
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Membrane attachment and complex formation of Ga and Gy are essential for the binding of
G-proteins to GPCRs and their subsequent activation. The carboxyl-terminus as well as regions
of the amino-terminus and the a4-B6 loop of Ga have been established as sites of contact with
GPCRs (Fig. 1.4B; Hamm et al., 1988; Conklin and Bourne, 1993; Onrust et al., 1997; Oldham
and Hamm, 2008; Hu et al., 2010), with the last amino acids of the carboxyl-terminus being
critical for GPCR specificity (Martin et al., 1996; Kostenis et al., 1997). Ga primarily contacts the
seven transmembrane GPCRs at the third intracellular loop that itself mediates the coupling to
a specific Ga (Fig. 1.4B; Taylor et al., 1994; Kostenis et al., 1997; Bourne, 1997), but also at the
second intracellular loop and at the intracellular carboxyl-terminus of GPCRs (Fig. 1.4B; Conklin
and Bourne, 1993). Additionally, the carboxyl-terminus and the sixth B-sheet repeat of G bind
to the third intracellular loop and the carboxyl-terminus of the GPCR (Fig. 1.4B; Taylor et al.,
1994 and 1996; Bourne, 1997; Wu et al., 1998 and 2000; Hou et al., 2001; Mahon et al., 2006),
while the carboxyl-terminus of Gy contributes to GPCR binding (at the carboxyl-terminus) as
well as to receptor specificity (Fig. 1.4B; Yasuda et al., 1996; Bourne, 1997; Hou et al., 2000).
Furthermore, point mutations in GB at regions contacting the switch Il region and the amino-
terminus of Ga prevent the exchange of GDP to GTP at Ga and thus show the importance of

complex formation for G-protein activation (Ford et al., 1998).

GPCR and G-protein interaction occurs rapidly (< 100 ms; Hein et al.,, 2005 and 2006), but
whether G-protein coupling to GPCRs is established before ligand-binding to the receptor (pre-
coupled model) or requires an activated GPCR (collision model) is not fully characterised
(Oldham and Hamm, 2008). Some studies have reported G-protein binding to inactive GPCRs
(Nobles et al., 2005; Galés et al., 2005 and 2006). But others have shown that GPCR activation
produces a conformational change in the receptor, in particular a rearrangement of the third
and sixth transmembrane segments, which in turn reveals the binding domain for the carboxyl-
terminus of Ga (Gether et al., 1995; Farrens et al., 1996; Janz and Farrens, 2004; Park et al.,
2008; Scheerer et al., 2008). In either case, activated receptor-induced structural changes are
relayed to the G-protein and cause the release of GDP by perturbing the receptor-bound
carboxyl-terminus and a4-B6 loop of the Ras-like GTPase domain of Ga, which are both linked
to the B6-a5 loop containing a conserved nucleotide-binding motif (TCAT) (Fig. 1.4A and Fig.
2.1; Sprang, 1997; Kisselev et al., 1998; Oldham et al., 2006; Johnston and Siderovski, 2007;
Oldham and Hamm, 2008). Mutations in this motif have been shown to considerably decrease
GDP affinity (Thomas et al., 1993). The tight coupling of Ga and GDP slows the release of GDP
upon receptor activation and constitutes the rate-limiting step in the signalling cascade of
GPCRs (Ferguson et al., 1986). Rates for G-protein activation to be completed range from a few

hundreds of milliseconds to seconds (Biinemann et al., 2003; Hein et al., 2006; Nikolaev et al.,
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2006; Adjobo-Hermans et al., 2011), which is substantially slower than GPCR activation and
receptor association with the G-protein (Vilardaga et al., 2003; Lohse et al., 2008). Following
GDP release, GTP, which is present in excess over GDP, binds to a conserved nucleotide-
binding motif (DVGGQ) in the Ras-like GTPase domain of Ga that partly overlaps with the
switch Il region (Fig. 2.1; Bourne et al., 1991; Sprang, 1997; Johnston and Siderovski, 2007).
GTP binding causes the flexible switch regions of Ga to undergo a dramatic movement that
separates the G-protein complex into Ga and GBy dimer and both dissociate from the GPCR
(Fig. 1.5; Noel et al., 1993; Coleman et al.,, 1994; Lambright et al., 1994; Wall et al., 1995).
Activated Ga and the now uninhibited GBy dimer engage in the regulation of their various
effectors described above. The innate GTPase activity of Ga is responsible for the termination
of Ga signalling by hydrolysing the y phosphate of GTP, leaving Ga bound to GDP (Fig. 1.5;
Hamm and Gilchrist, 1996). Three residues of the switch regions have been shown to be
essential for GTP hydrolysis (R183, T186 and Q209 in Ga,; Noel et al., 1993; Coleman et al.,
1994; Sondek et al., 1994; Johnston and Siderovski, 2007). The reversal of the conformational
changes caused by GTP binding restores the affinity of Ga for the GBy dimer and re-establishes
the trimeric complex that G-protein adopt in their inactive state, thus completing the G-

protein cycle (Fig. 1.5).
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Figure 1.5 G-protein activation and deactivation cycle. The activated G-protein coupled receptor
couples to the heterotrimeric G-protein consisting of Ga (blue), GB (brown) and Gy (grey). The receptor
acts as a guanine nucleotide exchange factor (orange) and facilitates GDP (yellow, the small circles
depict the two phosphates) release from Ga. Subsequent GTP (green, the small circles depict the three
phosphates) binding causes the G-protein to active and separate into Ga and the GBy dimer, which in
turn signal to their downstream effectors. GTPase accelerating proteins such as regulators of G-protein
signalling (magenta) accelerate the intrinsic GTPase activity of Ga that terminates Ga signalling and
results in GDP-bound Ga. Guanine nucleotide dissociation inhibitors (purple) bind inactive Ga and
hinder the release of GDP as well as re-assembly of Ga with the GBy dimer. (from Preininger and Hamm,
2004)
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The cycle of G-protein activation and deactivation is additionally controlled by various
regulators that influence each step in the sequence. For example, GPCRs act as guanine
nucleotide exchange factors (GEFs), since they facilitate the GDP/GTP exchange on Ga and
thus catalyse G-protein activation (Fig. 1.5). Active GPCRs are themselves objects of regulation
by GRKs, which phosphorylate the receptor causing its desensitization and enable the binding
of B-arrestins that initiate GPCR internalization (Pitcher et al., 1998). The signalling of activated
Ga is restricted by its intrinsic GTPase activity, whose rate of GTP hydrolysis is dramatically
enhanced by GTPase accelerating proteins (GAPs) such as members of the regulator of G-
protein signalling (RGS) family (Fig. 1.5; Druey et al., 1996; Watson et al., 1996; Ross and
Wilkie, 2000). RGS interact with activated Ga and catalyse its GTPase activity not by directly
engaging in the GTP hydrolysis processes, but by stabilizing the switch regions of the GTP-
bound Ga (Berman et al., 1996; Tesmer et al., 1997). In the case of Ga, the GAP RGS4
accelerated GTP hydrolysis to < 100 ms (Mukhopadhyay and Ross, 1999). With Ga returned to
the GDP-bound state, guanine nucleotide dissociation inhibitors (GDIs) such as GoLoco motif-
containing proteins assert their effect by binding to inactive Ga and inhibiting the release of
GDP (Willard et al., 2004). This renders Ga ineffective and presents a mechanism to control Ga
signalling. Because their binding sites are overlapping, GDIs can also prevent the association of
Ga with the GBy dimer (Fig. 1.5; Preininger and Hamm, 2004). Once the heterotrimeric G-
protein complex is restored, the GBy dimer also acts as a GDI given that it stabilizes the GDP-

bound Ga by sequestering its switch regions as described before.

Ga becomes constitutively active by mutating residues in the switch regions that are essential
for its intrinsic GTPase activity (Fig. 2.1; Noel et al., 1993; Coleman et al., 1994; Sondek et al.,
1994; Johnston and Siderovski, 2007). Mutating these key residues results in the inability of Ga
to hydrolyse bound GTP and thus creates a Ga that remains in the active state and which in
turn constitutively activates its effectors (Graziano and Gilman, 1989; Landis et al., 1989; Wong
et al., 1991; Gupta et al., 1992). In the case of Ga, the mutation of residue arginine (R)183 to
cystine (C) or glutamine (Q)209 to leucine (L) results in constitutively active Ga, (Fig. 2.1;
Conklin et al., 1992; De Vivo et al., 1992; Kalinec et al., 1992; Wu et al., 1992; Qjan et al., 1993).
On the other hand, many GTP-binding proteins are rendered inactive by preventing the
binding of GTP through a mutation of aspartate (D) into asparagine (N) in the conserved motif
(NKXD; Fig. 2.1), which results in the binding of xanthine nucleotides instead of guanine
nucleotides (Yu et al.,, 1997). However, in the case of Ga subunits this single mutation is
insufficient and a double mutation is necessary to convey the xanthine nucleotide binding
preference to Ga (Q209 to L and D277 to N in Gay; Fig. 2.1; Yu et al.,, 1997; Yu and Simon,

1998). Furthermore, Ga, has been studied using fluorescence microscopy techniques by
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attaching fluorophores, such as green fluorescent protein (GFP) or enhanced cyan fluorescent
protein (ECFP), to its carboxyl-terminus or in a loop of the a-helical domain (between residues

124 and 125; Fig. 1.6 and Fig. 2.1) (Hughes et al., 2001; Witherow et al., 2003).

a-helical domain

Ras-like
GTPase domain

Figure 1.6 Ga with fluorophore attachment. Green fluorescent protein (green) inserted in a loop
of the a-helical domain of the Ga subunit. (from Hughes et al., 2001)

1.4 Small GTPases

Since slayp suppression by ACh and glutamate through the metabotropic receptors M; and
mGlus and the G,-protein does not involve the classical signal transduction pathway of Ga,
(section 1.2.3 and 1.3), the inhibitory effect of ACh and glutamate must be conveyed by other
downstream effectors of Ga,. Small GTPases have emerged as mediators of GPCR signalling
(van Biesen et al., 1996; Seasholtz et al., 1999; Sah et al., 2000; Marinissen and Gutkind, 2001;
Bhattacharya et al., 2004). Due to their expression in the hippocampus (Olenik et al., 1997;
O’Kane et al., 2003), reports of them being effectors of GPCRs coupled to G-proteins of the G,
family (Mitchell et al., 1998; Sagi et al., 2001; Booden et al., 2002; Chikumi et al., 2002; Dutt et
al.,, 2002) and their ability to modulate ion channel activity (Wilk-Blaszczak et al., 1997,
Cachero et al.,, 1998; Storey et al., 2002; Staruschenko et al., 2004; Yatani et al., 2005;
Rossignol and Jones, 2006; Pochynyuk et al., 2007) small GTPases represent potential
candidates in the signal transduction cascade leading to the suppression of sl by ACh and

glutamate.

Small GTPases are monomeric G-proteins, with molecular weights of 20—-40 kDa and their
extensive superfamily comprises five subgroups: Ras, Rho, Rab, Sarl/Arf and Ran (Takai et al.,
2001). Like heterotrimeric G-proteins they act as molecular switches cycling between an
inactive GDP-bound and an active GTP-bound state. Small GTPases signal to a multitude of
effectors and regulate a variety of cellular processes including cell cycle progression, gene
transcription, microtubule organization, intracellular vesicular and nucleocytoplasmic
transport, regulation of cell growth and motility (Takai et al., 2001; Jaffe and Hall, 2005).

Members of the Rho-GTPase subfamily are primarily known for their regulation of the actin
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cytoskeleton (Machesky and Hall, 1996; Hall, 1998; Aspenstrom et al., 2004). For example, Rac
causes the formation of the actin filament mesh found in membrane ruffles and lamellipodia
and Cdc42 produces actin spikes known as filopodia, both associated with cell motility and
process outgrowth, while Rho is responsible for the formation of focal adhesions and long
actin filament bundles known as stress fibres and causes cell rounding and process retraction
(Paterson et al., 1990; Ridley and Hall, 1992; Ridley et al., 1992; Kozma et al., 1995; Nobes and
Hall, 1995; Katoh et al., 1998; Luo, 2000). In hippocampal pyramidal neurons Rho-GTPases are

also associated with the outgrowth or retraction of dendritic spines (Nakayama et al., 2000).

Cellular processes regulated by Rho-GTPases involve signalling pathways downstream of
GPCRs (Buhl et al., 1995; Gohla et al., 1998; Katoh et al., 1998; Kjgller and Hall, 1999; Seasholtz
et al., 1999). The signal transduction of activated GPCRs is mediated through the interaction of
their associated G-protein a subunit (Ga) with GEFs, which serve as activators of small GTPases
(Hart et al., 1998; Kozasa et al., 1998; Fukuhara et al., 1999 and 2000; Booden et al., 2002; Lutz
et al., 2005). Downstream targets of the small GTPase RhoA include serine/threonine kinases
like Rho-kinase (ROCK; Leung et al., 1995; Kimura et al., 1996; Matsui et al., 1996) and citron
(Madaule et al., 1995) and protein kinase N (PKN; Amano et al., 1996; Watanabe et al., 1996),
myosin-binding subunit of myosin light chain phosphatase (Kimura et al., 1998) as well as
RhoA-binding proteins such as rhophilin (Watanabe et al., 1996), rhotekin (Reid et al., 1996)
and mDia (Watanabe et al., 1997).

Structurally, like all members of the superfamily of GTPases including the a subunit of
heterotrimeric G-proteins, small GTPases contain a conserved domain consisting of a helices, B
sheets and connecting loops (G1-5) that convey their guanine nucleotide-binding capacity as
well as their GTPase activity (Bourne et al.,, 1991). Guanine nucleotide-binding occurs at
conserved motifs of small GTPases with the guanine base being recognised by the (N/T)KXD
motif in G4 and by the (T/G/C)(C/S)A motif in G5, while the B phosphate interacts with the
GXXXXGK(S/T) motif in G1/P-loop (phosphate-binding loop; Sprang, 1997; Paduch et al., 2001;
Vetter and Wittinghofer, 2001). Depending on whether small GTPases are bound to GDP or
GTP, a conformational change mediated by the flexible switch regions | and Il occurs (Fig. 1.7;
Milburn et al., 1990; Wei et al., 1997; Ihara et al., 1998). The y phosphate of GTP interacts with
the conserved threonine in the XTX motif in G2/switch | and with the DXXG motif in G3/switch
Il of small GTPases and causes the structural change, which is reversed once GTP is hydrolysed
(Sprang, 1997; Paduch et al., 2001; Vetter and Wittinghofer, 2001). The switch regions of small
GTPases are critical for effector binding and the conformational change of switch | and Il in the
active GTP-bound state uncovers numerous binding sites, many of them overlapping (Corbett

and Alber, 2001; Vetter and Wittinghofer, 2001; Biou and Cherfils, 2004).
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switch |

Figure 1.7 Structure of small GTPases and conformational change of the switch regions upon
GTP binding. Small GTPase bound to GTP is shown in green (a helices and B sheets), red (switch
regions), blue (loops G1-5) and magenta (GTP). The structure of the small GTPase bound to GDP is
displayed in grey. (from Wennerberg et al., 2005)

The activated state is terminated by hydrolysis of the y phosphate of the bound GTP and the
small GTPase returns to its inactive GDP-bound state. The intrinsic GTPase activity of small
GTPases, ke 0.02 min, is much lower than that of G-protein a subunits, ke, 3-5 min™ (Bourne
et al., 1991). Akin to heterotrimeric G-protein a subunits, a conserved glutamine (Q63 in RhoA,;
equivalent to Q209 in Gay) in G3/switch Il plays a central role in the hydrolysis of GTP in small
GTPases (Pai et al., 1990; Bourne et al., 1991; Sprang, 1997). Mutating this residue renders
small GTPases deficient in their ability to hydrolyse GTP, which results in small GTPases that
are constitutively active (Der et al., 1986). Furthermore, an arginine (R), which in Ga (R183 in
Gag) interacts with the y phosphate of GTP and is essential in GTP hydrolysis (Noel et al.,
1993), is absent in small GTPases and contributes to the lower GTPase activity of small GTPases
(Paduch et al., 2001). Small GTPases rely on GAPs (Fig. 1.8; Trahey and McCormick, 1987) to
provide the missing arginine (also called the arginine finger; Ahmadian et al., 1997; Li et al.,
1997; Scheffzek et al., 1997; Nassar et al., 1998) and to catalyse GTP hydrolysis to ke, 32—
72 min™ (Zhang et al., 1998). GAPs are subfamily-specific, but their mechanism to promote GTP
hydrolysis is similar (Gamblin and Smerdon, 1998; Scheffzek et al., 1998). GAP binding
stabilizes the switch regions of the small GTPase and ensures the proper alignment of the
conserved glutamine (Q63 in RhoA) allowing it to perform its GTPase activity (Resat et al.,
2001; Moon and Zheng, 2003). Small GTPases in their inactive GDP-bound state can then be

reactivated by the release of GDP and subsequent binding of GTP.
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Figure 1.8 Small GTPase activation and deactivation cycle. Rho-GTPases (green) are molecular
switches that cycle between an inactive GDP-bound state and an active GTP-bound state (GDP and GTP,
blue circle with small purple circles depicting the phosphates). These two conditions are regulated by
guanine nucleotide dissociation inhibitors (blue) that hinder GDP release and keep small GTPases
inactive, by guanine nucleotide exchange factor (yellow) that promote the activation of small GTPases
by accelerating exchange of GDP to GTP and by GTPase accelerating proteins (grey) that facilitate
GTPase activity. Membrane association of Rho-GTPases is conveyed by a hydrophobic moiety (orange
wavy line) at the carboxyl-terminus, which in the inactive state is shielded by GDI and thus ensures the
cytosolic localisation of Rho-GTPase. Bound to their effectors (purple) Rho-GTPases are responsible for
numerous cellular processes including the regulation of the actin cytoskeleton, cell-cycle progression
and gene expression. (from Rossman et al., 2005)

The activation and deactivation cycle of small GTPase is not only assisted by the
aforementioned GAPs, but also by two other classes of regulators namely GEFs, which activate
small GTPases by promoting the exchange of GDP to GTP, and GDIs, which keep small GTPases
inactive by preventing GDP release (Fig. 1.8; Boguski and McCormick, 1993). In their inactive
state small GTPases are bound to GDP and in the case of Rho- and Rab-GTPases this
conformation is stabilized by subfamily-specific GDIs, which inhibit nucleotide exchange and
thus the activation of these small GTPases (Vetter and Wittinghofer, 2001). Rho-GTPases are
prenylated at the conserved CAAX motif of the carboxyl terminus and this lipid modification,
mainly through geranylgeranylation, mediates their attachment to membranes (Adamson et
al.,, 1992a; Wennerberg and Der, 2004). The linkage of a geranylgeranyl isopreniod group
makes Rho-GTPases more hydrophobic than, for example, the farnesylated Ras-GTPases
(Seabra, 1998). GDIs are able to extract Rho-GTPases from membranes and sequester them in
the cytoplasm by shielding the prenyl group in a hydrophobic pocket of their carboxyl-
terminus and the amino-terminus of GDIs binds to the switch regions of the small GTPases
hindering the association of GEFs and thereby the release of GDP (Gosser et al., 1997; Hoffman
et al., 2000; Scheffzek et al., 2000). In the cell the concentration of Rho-GDI and Rho-GTPases

is similar, suggesting that the majority of Rho-GTPases is associated with GDIs and therefore
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inactive (Michaelson et al., 2001). The release of GDP presents the rate-limiting step of the
signalling cascade of any small GTPase and its intrinsic rate is slow, kg 0.001-0.01 min,
however, GDP release is facilitated by GEFs that accelerate the activation of small GTPases up
to 10°-fold (Klebe et al., 1995; Lenzen et al.,, 1998; Hutchinson and Eccleston, 2000). GEF
association causes a structural disturbance of the nucleotide-binding pocket of small GTPases
and as a result GDP-binding becomes unstable (Renault et al., 2001; Hoffman and Cerione,
2002). Small GTPase-interacting GEFs are subfamily specific, for example RasGEFs are
characterised by a Cdc25 homology domain (Boguski and McCormick, 1993; Chardin et al.,
1993) and the majority of RhoGEFs contain a Dbl homology (DH) domain usually in
combination with a pleckstrin homology (PH) domain (Cerione and Zheng, 1996; Schmidt and
Hall, 2002; Rossman et al., 2005), while another group of RhoGEFs contain a Dock homology
region (DHR) domain (Coté and Vuori, 2002). Following the release of GDP, the small GTPase,
still in complex with a GEF, transiently exists in a nucleotide-free state, before GTP binding and
the subsequent separation from the GEF allows the now active small GTPase to interact with

its downstream targets (Vetter and Wittinghofer, 2001).

Small GTPases become constitutively active through the mutation of residues involved in GTP
hydrolysis (Barbacid, 1987). As described before a glutamine (Q63 in RhoA) of switch Il is
essential for GTPase activity and its mutation into leucine (L) results in the inability of small
GTPases to hydrolyse GTP (Der et al., 1986). Furthermore, constitutively active small GTPases
are also generated by mutating the P-loop residue glycine (G14 in RhoA) into valine (V)
(Seeburg et al., 1984; Garrett et al., 1989). Since this residue of the P-loop is not affected by
the conformational change following GTP binding, the inhibitory effect on GTPases activity of
the valine substitution (V14 in RhoA) cannot be caused by a direct involvement in GTP
hydrolysis (Krengel et al., 1990; Milburn et al., 1990). Instead, the valine side chain perturbs
the space and thus the orientation of the glutamine (Q63 in RhoA) of switch Il, which hinders
its ability to hydrolyse GTP (Krengel et al., 1990; Milburn et al., 1990). On the other hand,
inactive small GTPases show a reduced affinity for GTP and have initially been described for
Ras-GTPases displaying a serine (S) to asparagine (N) mutation at residue 17 (Feig and Cooper,
1988); the corresponding mutation in RhoA is a threonine (T) to asparagine (N) substitution at
residue 19 (Qiu et al., 1995). These inactive mutants have an increased affinity for GEFs and
this competitive binding prevents the interaction of GEFs with endogenous small GTPases
(Feig, 1999). Inactive small GTPases are neither bound to GDP nor to GTP i.e. exist in a
nucleotide-free state that in the normal cycle is only transitional, which prevents the
interaction with downstream effectors and thus disrupts the signal transduction pathway

(Feig, 1999; Strassheim et al., 2000).
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Since small GTPases are able to mediate GPCR signalling, the potential participation of small
GTPases in the transduction pathway used by ACh and glutamate to suppress slasp Was
investigated in the laboratory of one of my supervisors. Whole-cell patch clamp recordings of
slayp in hippocampal pyramidal neurons in the presence of a RhoA inhibitory peptide showed a
reduction in the cholinergic inhibition of slaye (P. Pedarzani, personal communication).
Furthermore, the intracellular application of C3-exoenzyme, which inhibits RhoA by ADP-
ribosylation (Narumiya et al., 1988; Aktories and Hall, 1989; Sekine et al., 1989), reduces the
inhibitory effect of cholinergic as well as glutamatergic agonist on sl (P. Pedarzani, personal
communication). This indicates that RhoA is part of the signalling pathway mediating the

suppression of slayp by ACh and glutamate.

1.5 Aims and Objectives

The slow afterhyperpolarizing current (slap), which is activated by Ca®* and follows a train of
action potentials, contributes to the regulation of neuronal excitability and firing properties of
hippocampal pyramidal neurons by being responsible for spike frequency adaptation i.e. the
cessation of firing in response to a prolonged stimulus. slaye is suppressed by various
neurotransmitters and thus presents a point of convergence allowing separate signalling
pathways to influence neuronal excitability. While the signalling cascade of monoamine
transmitters to suppress slayp is established, the pathway used by ACh and glutamate is not
well characterised. The aim of this study was to investigate the nature of the signal
transduction pathway mediating the suppression of sl following the cholinergic activation of
GPCRs. The mAChR M; couples to the heterotrimeric G,-protein and the participation of the
Gq-protein a subunit (Gayg) in slaue suppression by cholinergic agonists has been shown (Krause
et al., 2002). The involvement of the small GTPase RhoA in this signalling pathway and its role
as a downstream effector of Ga, was to be investigated by the work undertaken in this study.
The potential protein-protein interaction of Ga, and RhoA was studied by performing co-
immunoprecipitation and fluorescence resonance energy transfer (FRET) experiments in
heterologous expression system. The ability of the small GTPase RhoA to associate with Ga,
would indicate that both proteins could also be part of a common signal transduction pathway
that is responsible for the inhibitory effect of ACh on sl observed in hippocampal pyramidal
neurons. In order to identify a RhoA involvement in the suppression of slayp, constitutively
active or inactive RhoA mutants were introduced into hippocampal pyramidal neurons either
by the intracellularly application of purified RhoA protein or by Sindbis virus infection and the

effect of mutant RhoA on slap was studied by whole-cell patch clamp electrophysiology.
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2 Materials and Methods
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2.1 Materials

2.1.1 DNA constructs

The following DNA constructs were used in this thesis and were either obtained from other
researchers or constructed by myself (section 2.2.13). Plasmid DNA was prepared by
transforming bacteria (section 2.2.12.7) followed by the growth of bacteria cultures and the
isolation of plasmid DNA (section 2.2.12.8). The DNA was used to transfect cells (section
2.2.2.1), which were subsequently used to prepare cell lysates for Western blotting (section
2.2.3.1) or to perform microscopy experiments (section 2.2.11). The pGex plasmids were used
to perform protein purifications (section 2.2.7). The pSinrep5 and Sindbis helper plasmids were

used to produce Sindbis virus (section 2.2.10) that was used to infects cells and cultured

hippocampal neurons (section 2.2.2.3).

Construct name Plasmids Researcher
Small GTPase RhoA

RhoA pRK5-myc-RhoA J. Pitcher
RhoA-V14 pRK5-myc-RhoA-G14V J. Pitcher
RhoA-N19 pRK5-myc-RhoA-T19N J. Pitcher
Venus-RhoA pRK5-myc-Venus-RhoA L.Gallasch
VP16-RhoA-V14 pVP16-4-RhoA-G14V M. Stocker
G-protein Ga,

Gay, pcDNA3.1-EE-Gay, J. Pitcher
Gog -L209 pcDNA3.1-EE-Ga,-Q209L J. Pitcher
Gog -L209/N277 pcDNA3.1-EE-Ga,-Q209L-D277N J. Pitcher
Ga, -ECFP pECFP-N1-Ga, (COOH-terminus tag) G. Willars
Ga,-ECFP- Gay, pECFP-N1-Gay (loop tag) G. Willars
Ga,-ECFP-Go,-C183 pcDNA1-ECFP-Go,-R183C (loop tag) L. Scarlata
Ga,-ECFP-Gog-L209 pcDNA3.1-EE-ECFP-Ga,-Q209L (loop tag) L. Gallasch
Protein purification

GST-RhoA-V14 PGEX-6P-1-RhoA-G14V J. Pitcher
GST-RhoA-N19 pGEX-6P-1-RhoA-T19N J. Pitcher
GST pGEX-4T M. Stocker
GST pGEX-6P-1 J. Pitcher
Sindbis virus

EGFP control pSinrep5-EGFP A. Jeromin
RhoA-V14 pSinrep5-RhoA-G14V-EGFP L. Gallasch
RhoA-N19 pSinrep5-RhoA-T19N-EGFP L. Gallasch
Helper pHelper-DH-BB (tRNA/TE12) A. Jeromin
Others

CFP-YFP pPECFP-N1-EYFP A. Tinker
Ms pCD-HA-M3 J. Wess
mRFP pRK7-mRFP R. Schoepfer
Na,1.2 pRII-2A M. Stocker
Raichu pCAGGS-Raichu1298X Y. Goda
Rhophilin pRK5-myc-Rhophilin J. Pitcher
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Figure 2.1 Amino acid sequence and secondary structure of Gaq. Conserved motifs such as
nucleotide binding motifs (highlighted in red) and sites involved in GTP hydrolysis (highlighted in yellow)
are indicated in the amino acid sequence. The mutation sites of the Gaq constructs used in this thesis
are indicated (bold and underlined amino acids): the constitutively active mutations R183C or Q209L
and the inactive double mutation Q209L/D277N. Attachment of Gaq to the plasma membrane is
achieved through palmitoylation of two cysteine residues (C9 and C10, black bar) at the amino-terminus
as well as through complex formation with GBy, with Gy being prenylated at the carboxyl terminus.
Contact sites of Gaq with GBy are indicated by black dots above the amino acid sequence. Features of
the secondary structure of Gaq, a-helices (blue and magenta boxes) and B-sheets (green arrows), are
shown below the amino acid sequence. (adapted from Johnston and Siderovski, 2007) The inset displays
the secondary structure of Gaq distinguishing the a-helical domain and the Ras-like GTPase domain of
Gag. (adapted from Oldham and Hamm, 2008)

43



2.1.2 Buffers

10x PBS 1.3 M NaCl
70 mM Na,HPO,
30 mM NaH,PO,

pH 7.3, autoclave

10x TBS 1.4 M NaCl
200 mM Tris Base
pH 7.5, autoclave

2x Laemmli Buffer 120 mM Tris-HCl pH 6.8
4 % SDS
20 % Glycerol
0.016 % Bromphenol Blue
5% B-Mercaptoethanol
6x Laemmli Buffer 300 mM Tris-HCl pH 6.8
12 % SDS
20 % Glycerol
0.6 % Bromphenol Blue
600 mM DTT

2.1.3 Bacteria media, agar-plates and antibiotic stock solutions

Miller’s Luria Broth (LB medium) 25 g/l Miller’s Luria Broth base
autoclave
LB Plates 500 ml LB Medium
75 g Select Agar
autoclave
LB-ampicillin/kanamycin Plates 500 ml LB Medium
75 g Select Agar
autoclave, cool to 50°C and add
2.5 ml Ampicillin Stock Solution (Cgjng 50 pg/ml)
or 5 mil Ampicillin Stock Solution (Cgina 100 pg/ml)
or 1.5 ml Kanamycin Stock Solution (Cina 30 pg/ml)
Antibiotics Stock Solutions 10 mg/ml Ampicillin
10 mg/ml Kanamycin

10 mg/ml Carbenicillin
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2.1.4 Cell culture media

BHK-21 Starvation Medium MEM alpha
2 mM L-Glutamine
100 U/ml Penicillin

100 pg/ml Streptomycin

BHK-21 Complete Medium
BHK-21 Starvation Medium supplemented with 5 % FBS

BHK-21 Low Serum Medium
BHK-21 Starvation Medium supplemented with 1 % FBS

BHK-21 Virus Production Medium MEM alpha with Ultraglutamine and
nucleosides
5 % FBS
100 U/ml Penicillin

100 pg/ml Streptomycin

HEK293 Complete Medium DMEM/F-12
10 % FBS
2 mM L-Glutamine
100 U/ml Penicillin

100 pg/ml Streptomycin

HEK293 FuGene 6 Transfection Medium DMEM/F-12
2 mM L-Glutamine
Swiss-3T3 Starvation Medium DMEM
2 mM L-Glutamine
100 U/ml Penicillin

100 pg/ml Streptomycin

Swiss-3T3 Complete Medium
Swiss-3T3 Starvation Medium supplemented with 10 % FBS

2.2 Methods

2.2.1 Cell culture

2.2.1.1 Coverslip preparation

Glass coverslips, 10 mm @ for primary cell culture and 22 x 22 mm for experiments with cell
lines, were washed with 100 % IMS for 1 h, then rinsed three times with 75 % IMS and
sterilized by baking at 200 °C for a minimum of 6 h. Before use coverslips were coated with
poly-D-lysine (100 pg/ml); the 10 mm @ coverslips were incubated at 37 °C for 3—24 h and the
22 x 22 mm coverslips at 37 °C for 10 min—3 h. Poly-D-lysine treatment was followed by three
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rinses (5 min each) with dH,0 and coverslips were either used immediately or stored at 37 °C

in water or medium.

2.2.1.2 Maintenance and splitting of cell lines

Human embryonic kidney (HEK293) and Swiss-3T3 cell lines were grown in their respective
complete medium (section 2.1.4) in T25 flasks in the incubator at 37 °C and 5 % CO,. Cells were
split when they reached 80-90 % confluency. The medium was aspirated and the cells were
washed with 3 ml PBS (Gibco). 1 ml of 0.05 % Trypsin/EDTA solution was added to the flask
and gently distributed to coat the cell layer. Surplus trypsin solution was removed and the cells
were incubated 1-2 min at 37 °C. Detached cells were resuspended in 3 ml complete medium.
To maintain cell lines 500 pul of this cell suspension plus 4.5 ml of complete medium was placed
back into a flask and returned to the incubator. The remaining cells were plated for
experiments such as lysate preparation for Western blotting and co-immunoprecipitation
(section 3.1.1 and 3.1.6) and other binding assays (section 3.2.2), FRET experiments (section

3.1.7) or stress fibre formation assessments (section 3.2.3).

Baby hamster kidney (BHK-21) cells were maintained in BHK-21 complete medium (section
2.1.4) in T75 flasks in the incubator (37 °C, 5% CO,) and split when 80-90 % confluent. The
medium was aspirated and cells were rinsed twice with 5 ml PBS (Gibco). 3 ml of 0.05%
Trypsin/EDTA solution was added to the flask, evenly distributed and then removed. Cells were
incubated at 37 °C for 3 min and resuspended in 5 ml BHK-21 complete medium. To maintain
the cell line 5x10° cells (counted in a Neubauer chamber) were placed into a T75 flask,
complete medium was added to a total volume of 15 ml and the flask was returned to the
incubator. The remaining cells were used for experiments during Sindbis virus production

(section 3.3.1).

2.2.1.3 Primary culture of hippocampal neurons

All procedures were carried out according to regulations of the Home Office Animal (Scientific
Procedures) Act of 1986. Three PO (newborn) Sprague Dawley rats were sacrificed by
decapitation and the brains dissected. Both brain hemispheres were transferred to a dish
containing cold dissection medium, the meninges were removed and the hippocampus
isolated. In a separate dish containing fresh dissection medium, the hippocampus was cut into
small pieces and transferred to a 15 ml tube. The tissue was left to settle in the bottom of the
tube and the dissection medium was replaced with 0.25 % trypsin (Gibco, 2.5 %) solution,
diluted in 2 ml dissection medium. Digestion occurred at 37 °C for 10 min after which the
tissue was transferred to a new tube, allowed to settle and the remaining trypsin solution was

aspirated. The tissue pellet was rinsed twice with fresh dissection medium (~7 ml) and twice
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with attachment medium (~7 ml) to completely remove the trypsin; the tissue was allowed to
settle in the bottom of the tube between each wash. To obtain a homogeneous solution the
tissue was dissociated mechanically by pipetting up and down with fire-polished glass Pasteur
pipettes of decreasing tip. Briefly, after the last wash 3 ml of attachment medium was added
and the tissue was triturated (~10x) with a wide-opening glass Pasteur pipette. Tissue that was
not dissociated was allowed to settle and the supernatant was recovered and transferred to a
new 15 ml tube. 2 ml attachment medium were added and trituration was repeated with a
narrow-opening glass Pasteur pipette (10x). Remaining tissue was left to settle at the bottom
of the tube and the supernatant was recovered and centrifuged (Heraeus) at 200 x g for 3 min.
The cell pellet was resuspended in 3 ml attachment medium and a sample of the cell
suspension was stained with 10 % Trypan Blue. Using a Neubauer chamber viable cell numbers
were determined; on average 1.65 x 10° cells/ 3 PO rats. Cells were plated on poly-D-lysine
coated coverslips (4.5 x 10%/well) in a total volume of 500 pl attachment medium, which was
replaced with maintenance medium 6—-24 h later. Cells were kept in the incubator (37 °C, 5%
CO,) and half of the maintenance medium was replaced with fresh maintenance medium every
five days. The replaced medium (conditioned maintenance medium) was kept at 4 °C and used
in subsequent experiments (section 2.2.2.3). Day in vitro (DIV) 1 corresponded to the day the
culture was made. Primary cultured hippocampal neurons were used to perform whole-cell

patch clamp recordings (section 3.3.2 and 3.3.3).

Dissection Medium 1x HBSS
10 mM HEPES
Attachment Medium MEM
10 % Horse Serum
0.6 % Glucose
2 mM Glutamine
1 mM Sodium Pyruvate
Maintenance Medium Neurobasal
1 x B27
0.6 % Glucose
2 mM Glutamine
100 U/ml Penicillin

100 pg/ml Streptomycin

47



2.2.2 Expression

2.2.2.1 Transient transfection
Lipofectamine 2000

HEK293 cells (1-1.3x 10%/3.5cm @ well and 3x10°/6 cm @ well) were plated 24 h before
transfection in HEK293 complete medium (section 2.1.4). Cells were transfected with
Lipofectamine 2000 when grown to 85-95 % confluency. At a ratio of 1:2.5, DNA and
Lipofectamine 2000 (1.2—7 pg DNA:3-17.5 pl Lipofectamine 2000) were separately diluted in
Opti-MEM (50-250 ul) and incubated at room temperature for 15 min. Diluted DNA and
Lipofectamine 2000 were combined, mixed gently and incubated for another 15 min at room
temperature. Cells were removed from the incubator and the medium was replaced with
enough Opti-MEM to cover the cells (300-750 ul/3.5-6 cm @ well). The transfection complex
was added to the cells, mixed gently, and incubated at 37 °C for 3-5 h. After incubation, the
transfection complex/Opti-MEM mix was removed and replaced with HEK293 complete
medium without antibiotics (section 2.1.4). Cells were returned to the incubator for 24 h
before being used for experiments such as cell lysate preparation for Western blotting and co-
immunoprecipitation (section 3.1.1 and 3.1.6) as well as other binding assays (section 3.2.2) or

FRET experiments (section 3.1.7).

Swiss-3T3 cells (0.5 x 10%/3.5 cm @ well) were plated on poly-D-lysine coverslips in Swiss-3T3
complete medium (section 2.1.4) and allowed to grow for three days before being washed
twice with 2 ml PBS (Gibco) and kept in Swiss-3T3 starvation medium (section 2.1.4) for two
days before transfection. Transfections with Lipofectamine 2000 were performed as described
above and cells were kept in Swiss-3T3 starvation medium without antibiotics (section 2.1.4) in

the incubator for 24 h before being used in stress fibre formation assessments (section 3.2.3).

FuGene 6

HEK293 cells were plated 24-48 h before transfection in HEK293 complete medium (section
2.1.4) in 10 cm @ dishes. Transfections with FuGene 6 were carried out when cells reached 30-
50 % confluency. At a FuGene 6 to DNA ratio of 3:1, FuGene 6 was diluted in HEK293 FuGene 6
transfection medium (section 2.1.4) and incubated at room temperature for 5 min. Diluted
FuGene 6 was added to the DNA (2 pg RhoA, 5 pg Ga,) and incubated at room temperature for
30 min. Cells were removed from incubator and the transfection complex was gently added.
Cells were incubated at 37 °C for 48 h before cell lysates were prepared for Western blotting

and co-immunoprecipitation experiments (section 3.1.1 and 3.1.6).
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2.2.2.2 Microinjection

Swiss-3T3 cells (6-9 x 10%/3.5cm @ well) were plated on poly-D-lysine coated coverslips in
Swiss-3T3 complete medium (section 2.1.4) and allowed to attach (min 6 h). Cells were rinsed
twice with 2 ml PBS (Gibco) and Swiss-3T3 starvation medium (section 2.1.4) was added. Cells
were starved for two to three days before microinjection took place. Microinjections were
performed using a Femtolet microinjector (Eppendorf) and a 5171 micromanipulator
(Eppendorf). Long tapered needles were pulled on a horizontal P-97 Flaming/Brown puller
(Sutter) from Borosilicate glass capillaries (Harvard). Before use, all solutions were filtered
using VectaSpin Micro centrifuge filters (Eppendorf, 9,400 x g, 4 min). The dish containing the
cells was removed from the incubator and placed on a microscope (Axiovert 135M, Zeiss,
section A.1.3) stage enclosed in a Perspex chamber. The FemtoJet microinjector settings were
adjusted to: injection pressure (pi) of 120 hPa, injection time (ti) of 0.3 s and compensation
pressure (pc) of 60 hPa. Microinjections were carried out in semi-automatic mode with defined
Z-plane limits and a set injection time or manually by touching the cell membrane with the tip
of the needle and retracting the needle once a slight shiver and enlargement of the cell was
observed. Manual injection was the method most often used as it gave fine control over the
entire injection process. Experiments were performed with two concentrations of purified
RhoA protein (0.15 pg/pl and 0.3 pg/ul, in adapted intracellular solution; section 2.2.7.2).
Purified RhoA-V14 or RhoA-N19 protein was injected into the cytoplasm of the cells. To detect
injected cells, tetramethylrhodamine isothiocyanate (TRITC; 5-12.5 mg/ml) was microinjected
together with the purified protein at all times. As a control TRITC (8-10 mg/ml, in
microinjection buffer) was also injected on its own. Microinjections lasted no longer than
30 min after which the cells were returned to the incubator and allowed to recover (max
1.5 h). Cells were fixed and prepared for microscopy (section 2.2.11.1) in order to asses stress

fibre formation (section 3.2.3).

Microinjection Buffer 154 mM Nacl
5 mM HEPES
2.5 mM KCl
0.5 mM MgCl,
pH 7.4

2.2.2.3 \Viral infection

BHK-21 cells (2 x 10°/3.5 cm @ well) were plated on poly-D-lysine coated coverslips in BHK-21
complete medium (section 2.1.4). The next day cells were rinsed twice with 2 ml PBS (Gibco)
and BHK-21 starvation medium (section 2.1.4) was added. Infections with Sindbis virus took

place 24 h later. The virus was diluted in BHK-21 starvation medium (EGFP control 1:5000,
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RhoA-N19 1:1000 and RhoA-V14 1:100) and 100 pl of the diluted virus was added to the cells,
which had been covered with 900 pl fresh BHK-21 starvation medium. After 4 h of incubation
at 37 °C another 1 ml of BHK-21 starvation medium was added to the cells without removing
the virus. Cells were left to incubate for 24 h before being fixed and stained (section 2.2.11.1)

for stress fibre formation assessment (section 3.3.1.4).

Cultured hippocampal neurons (DIV 9-16) were infected with Sindbis virus. The virus was
diluted (EGFP control 1:5000; RhoA-N19 1:1000 or 1:2000; RhoA-V14 1:100 or 1:500) in
conditioned maintenance medium (section 2.2.1.3). 100 pl of virus dilution was mixed with
100 pl of medium from the wells and added to the neurons, from which the remaining medium
had been removed. The removed medium was used to enrich fresh maintenance medium
(50:50). After an incubation of 2 h at 37 °C the virus was removed from the neurons and 500 pl
of enriched maintenance medium was added to each well. Neurons were returned to the

incubator and used for whole-cell patch clamp experiments 24—48 h later (section 3.3.3).

2.2.3 Lysis preparation

2.2.3.1 Lysate preparation from HEK293 cells

Transiently transfected (Lipofectamine 2000 or FuGene 6) HEK293 cells were lysed 24 h after
transfection. Dishes containing the cells were removed from the incubator, placed on ice and
cells were rinsed twice with ice-cold 1x PBS (section 2.1.2). GTPase lysis buffer was added to
each dish (0.5—-1 ml/6-10 cm @ dish), cells were scraped off and transferred to a 1.5 ml tube.
The lysate was sonicated using a SonoPuls sonicator (Bandelin) at 15 % intensity and 40 %
pulse at 4 °C for 30s and centrifuged (Eppendorf) at 16,100 x g and 4 °C for 5 min. The
supernatant was transferred to a fresh 1.5 ml tube and an aliquot was taken for protein
estimation (section 2.2.4) before samples were frozen at -20 °C. Cell lysates were used in
Western blotting and co-immunoprecipitation experiments (section 3.1.1 and 3.1.6) and in

other binding assays (section 3.2.2).

GTPase Lysis Buffer 50 mM Tris-HCl pH 8.0
150 mM Nacl
10 % Glycerol
2 mM EDTA
1 % Triton X-100
1 mM Benzamidine
0.23 mM PMSF

2.2.3.2 Lysate preparation from rat brain
All procedures were carried out according to Schedule One of the 1986 Home Office Animal

(Scientific Procedures) Act. P23 Sprague Dawley rats were sacrificed by dislocation of the neck
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and the brains dissected. Working on ice, cortex and hippocampus were isolated and cut into
small pieces. Tissue pieces were suspended in cold homogenisation buffer A at a tissue to
medium ratio of 5-10 % (w/v) and homogenised with 15 strokes using a pre-chilled glass
homogeniser (Glas-Col). The homogenate was transferred to a Greiner tube and centrifuged
(Heraeus) at 1,400 x g and 4 °C for 10 min. The supernatant (S1) was collected and stored on
ice, while the pellet was resuspended in homogenisation buffer A and centrifuged as before.
The resulting pellet (P1) was resuspended in homogenisation buffer B and aliquoted. The
supernatant (S1’) was combined with S1 (small aliquots were taken) and centrifuged
(Beckman, JA-17) at 13,800 x g and 4 °C for 10 min. The supernatant (S2) was collected and
aliquoted. The pellet (P2) was resuspended in homogenisation buffer B and aliquoted. All
aliquots were snap-frozen in liquid nitrogen and stored at -80 °C. Before use Triton X-100, to a
final concentration of 0.5 %, was added to the samples and small aliquots were taken to
estimate the protein concentration. 20 mM DTT (final concentration) was added and samples
were rotated at 4 °C for 30 min. Brain lysates were used in Western blotting and co-

immunoprecipitation experiments (section 3.1.4) and in other binding assays (section 3.2.2).

Homogenisation Buffer A 320 mM Sucrose
10 mM Tris-HCl pH 8.0
0.1 mM EDTA
0.1 mM PMSF
1 pg/ul Aprotinin
1 uM Leupeptin
1 uM Pepstatin
Homogenisation Buffer B 20 mM Tris-HCl pH 8.0
0.1 mM EDTA
0.1 mM PMSF
1 pg/ul Aprotinin
1 uM Leupeptin
1 uM Pepstatin

2.2.4 Protein concentration estimation

The protein concentration of HEK293 lysates was estimated using a Bradford assay. Protein
standards (0, 2, 4, 6 ug bovine serum albumin; BSA) were set up in 1.5 ml tubes, to which 2.5 pl
of GTPase lysis buffer (section 2.2.3.1) had been added. 2.5 ul of each sample lysate was added
to separate 1.5 ml tubes. The Bradford stock solution (BIO-RAD) was diluted 1:5 with water
and 1 ml of diluted Bradford solution was added to every standard and sample tube. Vortexed
briefly, all were transferred to disposable cuvettes and incubated at room temperature for

5 min. Optical density (OD) values were read at 595 nm and protein concentrations were
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estimated using a spectrophotometer (SmartSpec Plus, BIO-RAD). Protein concentrations of
brain lysates were estimated in the same way as HEK293 lysates. Homogenisation buffer B

(section 2.2.3.2) was used to set up the BSA protein standards.

The Bradford assay was also used to estimate protein concentrations of cleaved purified
proteins (section 2.2.7.3). The assay was scaled down and a Nanodrop 1000
spectrophotometer (Labtech International) was used the read OD values and estimate the
protein concentration of the samples. BSA protein standard dilutions (0, 0.1, 0.2, 0.4, 0.6
pg/ul) were set up in adapted intracellular solution (section 2.2.7.2). 4 pul of these dilutions and
of the purified protein samples were transferred to 1.5 ml tubes and 200 ul of Bradford
working solution (1:5 dilution of Bradford stock solution) was added to each. After 5 min
incubation at room temperature, OD values were read at 595 nm and protein concentrations

estimated.

2.2.5 Co-immunoprecipitation

250 pg of lysate from HEK293 cells or rat brain (P2 fraction) was incubated with 1-2 ug of
antibody (anti-myc, anti-RhoA or anti-Gog/1; (Millipore and Santa Cruz)) and rotated at 4 °C for
1 h. Protein A/G agarose (20-30 ul of 50 % slurry) was washed once with 1 ml cold GTPase lysis
buffer (section 2.2.3.1). The samples were added to the washed beads and rotated at 4 °C for a
further hour. Samples were centrifuged (Eppendorf) at 200 x g for 2 min and beads were
rinsed three times with 1 ml cold GTPase lysis buffer. After the last wash beads were
transferred to new 1.5 ml tubes, the GTPase lysis buffer was aspirated and 20 pl of 1x Laemmli
buffer (diluted from 6x Laemmli buffer with 1x PBS, section 2.1.2) was added. The samples

were denatured at 60 °C for 30 min before being analysed by Western blotting.

2.2.6 SDS-PAGE and Western blotting

2.2.6.1 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was carried out using either a mini-PROTEAN Il (BIO-RAD) or a SE600 (Hoefer)
system. Discontinuous polyacrylamide gels consisting of a 3 or 4 % stacking gel and a 10-15 %
separating gel were used to separate proteins. Gels were cast at room temperature between
glass plates using the provided casting stands. Polyacrylamide (AA/BA) polymerisation was

initiated by ammonium persulfate (APS) and catalysed by TEMED.
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Mini-PROTEAN Il (BIO-RAD)

For 2 gels 10% 12% 15% Stacking Gel, 3 %
30 % AA/BA, ml 3.33 4.0 5 0.5
Lower Tris, ml 2.5 2.5 2.5 -
Upper Tris, ml - - - 1.25
APS (10 %), ul 70 70 70 30
TEMED, ul 10 10 10 10
dH,0, ml 4.09 3.42 2.42 3.21
Total, ml 10 10 10 5
Table 2.1 Preparation of gels for SDS-PAGE, Mini-PROTEAN Il (BIO-RAD).
Upper Tris 04 % SDS

05 M Tris-HCI, pH 8.8
Lower Tris 04 % SDS
1.5 M Tris-HCl, pH 6.8

SE600 (Hoefer)

For 2 gels 11% 12.5% Stacking Gel, 4 %
30 % AA/BA, ml 13.75 15.625 2.6
Tris-HCl, pH 8.8, 18.75 18.75 -
'rlr\rlis-HCI, pH 6.8, - - 3.3
gBS (10 %), ul 375 375 200
APS (10 %), ml 2 2 14
TEMED, ul 25 25 20
dH,0, ml 2.6 0.725 12.5
Total, ml 375 375 20
Table 2.2 Preparation of gels for SDS-PAGE, SE600 (Hoefer).

Indicated amounts of HEK293 and brain samples were prepared for SDS-PAGE by mixing the
lysate with 1x PBS (section 2.1.2) and 6x Laemmli buffer (section 2.1.2; 1x final concentration)
to a minimum final volume of 18 ul and denatured at 60 °C for 30 min for Ga, samples and at
95 °C for 5min for RhoA samples (section 3.1.6). Co-immunoprecipitation samples were
denatured at 60 °C for 30 min, and protein purification samples at 95 °C for 10 min. Denaturing

conditions for the various binding assay are specified in the individual sections in the results
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chapter. To bring down condensation or to pellet beads, samples were centrifuged
(Eppendorf) at 200 x g for up to 3 min before being loaded onto the gel. Protein markers (All
Blue PrecisionPlus or Low Range, BIO-RAD or High-Range Rainbow, GE) were loaded alongside
the samples. SDS-PAGE was carried out in 1x running buffer and gels were run at 80 V constant
voltage through the stacking gel and 18 mA constant current through the separating gel (mini-
PROTEAN II, BIO-RAD) or at 300 V constant voltage (SE600 , Hoefer) until the Bromphenol Blue

dye had run out of the gel.

1x Running Buffer 192 mM Glycine
25 mM Tris
01 % SDS

2.2.6.2 Transfer and immunodetection

Following SDS-PAGE proteins were transferred onto nitrocellulose membranes (Protran BAS83,
Whatman or Hybond ECL, GE) either by tank (mini Trans-Blot, BIO-RAD) or semi-dry blotting
(V20-SDB, Scie-Plas).

For tank blotting, the gel was equilibrated in cold 1x tank transfer buffer for 5 min and the
nitrocellulose membrane was pre-soaked in dH,0 and 1x tank transfer buffer. The transfer
cassette was assembled by placing the gel together with the nitrocellulose membrane in
between two pieces of blotting paper and two fibre pads; all soaked in 1x tank transfer buffer.
The transfer cassette was placed into the tank; the black/gel side of the cassette facing the
cathode (negative, black) and the clear/membrane side of the cassette facing the anode
(positive, red). An ice-pack and stirring bar were also placed into the tank and it was filled with
cold 1x tank transfer buffer. In the cold-room (4 °C) the tank was placed on a magnetic stirrer

and transfer was performed at 100 V constant voltage for 50 min.

1x Tank Transfer Buffer 192 mM Glycine
25 mM Tris
20 % Methanol

For semi-dry transfer, the gel and six pieces of blotting paper were soaked in 1x Semi-Dry
transfer buffer and the transfer was assembled in the following order: three pieces of blotting
paper were placed onto the anode (positive) plate, followed by the nitrocellulose membrane,
the gel and three further pieces of blotting paper; the stack was then covered with the
cathode (negative) plate. Transfer was performed at a constant current of 0.8 mA/cm? for 1 h

50 min.
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1x Semi-Dry Transfer Buffer 40 mM Glycine

50 mM Tris
03 % SDS
20 % methanol

The two systems, BIO-RAD and Hoefer/Scie-Plas, used gels and membranes that differed in size
and thus volumes of solutions in the immunodetection experiments had to vary. Volumes in
the text refer to experiments that used the BIO-RAD system; volumes in brackets were used

with the Hoefer/Scie-Plas system.

Blots were processed directly or stored overnight, in 1x TBS (section 2.1.2) at 4 °C or dried at
room temperature. The dried membrane was soaked for 10 min in dH,0 and 10 min in 1x TBS
before use. Membranes were blocked at room temperature on an orbital shaker for 40 min—
1 hin 15 ml (50 ml) blocking solution. Primary antibodies were diluted in 1 ml (20 ml) blocking
solution and membranes were incubated in primary antibody solutions in a plastic pouch (in a
box) at room temperature for 3 h or at 4 °C overnight, continuously rotating or shaking.
Membrane were washed three times with 12 ml blocking solution and three times with 12 ml
TBST for 5 min each (6x with 50 ml TBST, 5 min each) and then incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies, diluted in 10 ml (25 ml) blocking solution,
at room temperature on an orbital shaker for 1 h. Washes in blocking solution and TBST were
repeated as before. For each blot 1 ml SuperSignal West Pico (Pierce) (25 ml ECL, GE) detection
reagent was used; the luminal and enhancer solutions were mixed in equal amounts.
Detection solution was added to the blots, which were placed on a glass plate (in a box), and
incubated for 5 min (1 min) at room temperature. Membranes were drained off excess
detection solution, covered with an acetate sheet and placed into a developing cassette.
Emitted signals were detected by exposing the blots to films (Hyperfilm ECL, GE or BioMax MR-
1, Kodak) for up to 30 min and developing the films in an automatic film processor (RG Il, Fuiji).
At times signals were detected digitally using a CCD-camera based imager (ImageQuant
LAS4000 mini, GE). In this case, blots were placed on a tray, covered in 1.5 ml SuperSignal
West Pico detection solution, which remained on the blot during imaging, and placed inside
the ImageQuant machine. Exposure conditions and times were set using the ImageQuant

LAS4000 control software.

At times membranes were stripped of antibody and re-probed. Membranes were submerged
in stripping buffer and incubated at 60 °C for 30 min, after which they were extensively rinsed
in TBST (~30 min). Membranes were incubated in blocking solution and probed with a different

primary antibody following the procedure as described before.

55



Primary Antibodies

RhoA anti-mouse
anti-rabbit
Gag/11 anti-rabbit
Gay, anti-rabbit
Myc anti-mouse
anti-mouse
anti-rabbit
EE anti-rabbit

Secondary Antibodies

Goat anti-mouse HRP
Sheep anti-mouse HRP

Goat anti-rabbit HRP
Donkey anti-rabbit HRP

Blocking Solution

TBST

Stripping Buffer

2.2.6.3 Coomassie staining of SDS-PAGE gels

SDS-PAGE gels were stained with Coomassie Blue to document the stages of protein
purification and to estimate purified protein concentrations (section 2.2.7 and 3.2.1) or to
evaluate transfer efficiency during Western blotting experiments. Gels were stained with
Coomassie solution at room temperature on an orbital shaker for 10-20 min. The Coomassie
solution was removed and gels were rinsed with dH,0 before being destained in Fast Destain

solution for 15 min and Slow Destain solution at room temperature overnight. Gels were

Santa Cruz
Santa Cruz

Santa Cruz
Santa Cruz

Roche
Millipore
Santa Cruz

Abcam

BioRad
GE

BioRad
GE

62.5 mM
2 %
100 mM

0.2 mg/ml 1:200-1:1000

0.2 mg/ml 1:200

0.2 mg/ml 1:200-1:1000

0.2 mg/ml 1:1000

0.4 mg/ml 1:400

1 mg/ml 1:1000

0.2 mg/ml 1:400-1:1000

0.2 mg/ml 1:500
1:5000
1:2500
1:5000
1:2500

TBS

Milk powder

NGS

Tween-20

TBS

Tween-20

Tris-HCl pH 6.8

SDS

B-Mercaptoethanol

soaked in drying solution and dried between cellophane sheets (Novex).

Coomassie Solution

Fast Destain Solution

0.2 %
75 %
50 %

45 %
75 %

Coomassie Brilliant Blue R250
Acetic Acid
Methanol

Methanol
Acetic Acid
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Slow Destain Solution 10 % Methanol

75 % Acetic Acid
Drying Solution 2 % Glycerol
001 % Na-Azide

2.2.7 Glutathione-S-transferase (GST) fusion protein purification

RhoA-V14 and RhoA-N19 were purified as recombinant GST fusion proteins. For binding assay
experiments (section 3.2.2) purified GST-RhoA-V14 and GST-RhoA-N19 were used bound to
glutathione agarose beads. In electrophysiological experiments (section 3.2.4) RhoA-V14 and

RhoA-N19 cleaved off the GST fusion protein were added to the intracellular solution.

2.2.7.1 Electroporation of BL21 (DE3) bacteria

Electroporation cuvettes (1 mm, BTX model 610, Harvard Apparatus) were cooled on ice. 1 ug
of DNA (pGEX-6P-1-RhoA-V14, pGEX-6P-1-RhoA-N19) was gently mixed with 25l
electrocompetent BL21 (DE3) bacteria and then added to the cuvettes before being
electroporated at 129 Q, 50 uF, 1.5 kV (ECM 600, BTX). Bacteria were transferred to a Falcon
tube with 1 ml of LB medium (section 2.1.3; 37 °C) and incubated at 37 °C and 120 rpm for
40 min. Bacteria were harvested by centrifugation (Heraeus, 2,000 x g, 1 min), resuspended in
100 pl LB medium and spread on LB-ampicillin plates (section 2.1.3; 100 ug/ml). Plates were

incubated at 37 °C overnight.

2.2.7.2 Purification of GST fusion proteins

This description of the purification of GST fusion proteins is also illustrated by a flow diagram
(Fig. 3.14A) in the results section. As a starter culture, 20 ml LB medium (section 2.1.3;
100 pg/ml Ampicillin) was inoculated with a single colony picked from the LB-ampicillin plate
and incubated, shaking at 200 rpm, at 37 °C overnight. 5 ml starter culture was diluted (1:50) in
250 ml LB medium (100 pug/ml Ampicillin) and grown at 200 rpm until an ODgy of 0.4-0.5 was
reached; incubation took place at 37 °C for ~1 h before the culture was cooled down to 22 °C.
An aliquot (pre-induction) of the culture was taken, the bacteria pelleted (Eppendorf,
13,500 x g, 5 min) and resuspended in 2x Laemmli buffer (section 2.1.2); so as not to overload
the gel 2x Laemmli buffer was added in proportion to the ODgyy according to the following
formula: (ml of culture taken x ODgy / 0.035) x 10. Protein expression was induced by adding
0.05 mM isopropyl B-D-thiogalactopyranoside (IPTG), which causes transcription of the cloned
genes controlled by the lac operon, to the culture and the culture was incubated at 200 rpm,
at 22 °C for 3 h. An aliquot (post-induction) was taken, centrifuged and resuspended as
described for the pre-induction aliquot. Bacteria were harvested by centrifugation (Beckman,

JA-14 rotor, 3,100 x g, 4 °C, 10 min). On ice, the pellet was washed with 10 ml cold GST fusion
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protein lysis buffer (without DTT and PMSF) and transferred to a 15 ml tube. After
centrifugation (Heraeus) at 3,200 x g and 4 °C for 10 min the pellet was resuspended in 5 ml
cold GST fusion protein lysis buffer (without DTT and PMSF). 0.5 mg/ml lysozyme was added
and incubated on ice for 15 min. PMSF and DTT were added to a final concentration of 1 mM
and the lysate was sonicated (Bandelin, 25 % intensity, continuous, 1min, on ice). To
precipitate DNA, 0.5 ml of a 30 % streptomycin sulphate solution was added and rotated at
4 °C for 10 min. The lysate was centrifuged (Beckman, JA-17 rotor) in polycarbonate tubes at
27,000 x g and 4 °C for 15 min. An aliquot of the supernatant was taken and 2x Laemmli buffer
was added according to the following formula: pl of supernatant taken x OD600 (post
induction) / 0.35. Glutathione agarose beads (Sigma, 100 pl of 25 % slurry i.e. 25 pl of packed
beads/250 ml culture) were prepared by three washes with 150 pl GST fusion protein lysis
buffer (without DTT and PMSF) and were transferred to a 15 ml tube. The supernatant was
added to the prepared glutathione agarose beads and rotated at 4 °C for 1 h. After incubation
beads were pelleted (Hereaus, 98 xg, 4°C, 10 min), transferred to a 1.5 ml tube and
centrifuged (Eppendorf) at 200 x g and 4 °C for 3 min. Depending on use, beads were then
washed three times with 250 pul GST fusion protein lysis buffer (without PMSF, for binding
assay experiments) or in 250 pl adapted intracellular solution (for electrophysiology). Beads
were resuspended in their corresponding buffers to a total volume of 100 pl (25 % slurry). An
aliquot (2 ul) was taken and 10 pl of 2x Laemmli buffer was added. For binding assay
experiments GST-RhoA-V14 and GST-RhoA-N19 bound glutathione agarose beads were
aliquoted, snap-frozen and stored in liquid nitrogen. For electrophysiology purified RhoA-V14
and RhoA-N19 proteins were cleaved off the GST fusion protein (section 2.2.7.3). The aliquots
taken at various stages of the purification process were denatured at 95 °C for 10 min and
subjected to SDS-PAGE as described before (section 2.2.6.1). A 1 ug BSA sample was loaded
onto the gel alongside the samples and used to estimate the concentration of purified GST-
RhoA-V14 and GST-RhoA-N19 protein bound to the glutathione agarose beads by Coomassie
staining of the gel (section 2.2.6.3). GST, expressed from pGEX-6P-1, was purified as described

for RhoA and used as a control for direct binding assays (section 2.2.9.2).

GST Fusion Protein Lysis Buffer 50 mM Tris-HCl pH 7.5
50 mM NaCl
5 mM MgCl,
1 mM DTT
1 mM PMSF
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Adapted Intracellular Solution 135 mM KGluc

10 mM KCl

10 mM HEPES

1 mM MgCl,

1 mM DTT
pH7.2-7.3

osmolarity 270-290

2.2.7.3 PreScission protease cleaving

For electrophysiological experiments (section 3.2.4) purified RhoA-V14 and RhoA-N19 were
cleaved off their GST-fusion part with PreScission protease (GE) to ensure the intracellular
application of only the protein of interest and to limit the size of the protein having to be
introduced to the neuron through the patch pipette. The process of PreScission protease
cleaving is also illustrated by a flow diagram (Fig. 3.15A) in the results section. 1 U of
PreScission protease was added to the GST-RhoA-V14 or GST-RhoA-N19 glutathione agarose
beads (resuspended in adapted intracellular solution, section 2.2.7.2) and rotated at 4 °C for
2 h. Beads were pelleted by centrifugation (Eppendorf, 200 x g, 4 °C, 3 min), the supernatant
was saved and the beads were resuspended to a total volume of 100 ul with GST fusion
protein lysis buffer (section 2.2.7.2). Aliquots (2 pl) of the supernatant and beads were taken
and 10 pl of 2x Laemmli buffer (section 2.1.2) was added to each. Any excess PreScission
protease, a GST-fusion protein itself, was removed from the supernatant by adding the
supernatant to a fresh set of glutathione agarose beads (100 ul of 25% slurry, washed three
times with 150 pl adapted intracellular solution) and rotating at 4 °C for 30 min. Beads were
pelleted as before and the supernatant was aliquoted. The supernatant was either used
directly or snap-frozen and stored in liquid nitrogen. The protein concentration of the cleaved
purified protein was estimated using a Bradford assay as described before (section 2.2.4). The
aliquots taken at various stages of the purification and cleaving process were denatured at
95 °C for 10 min and subjected to SDS-PAGE and stained with Coomassie (section 2.2.6). As a
control for electrophysiology recordings GST, expressed from pGEX-4T, was mock purified and

cleaved in the same way.

2.2.8 Binding assays with purified protein

Purified GST-RhoA-V14 and GST-RhoA-N19 bound to glutathione agarose beads (section
2.2.7.2) were incubated with HEK293 lysates or brain lysates. As a control, GST protein (25 pg)
was bound to glutathione agarose beads (20 ul of 25 % slurry), which had been washed three
times with 150 ul GTPase lysis buffer (without PMSF and Benzamidine; section 2.2.3.1), by
rotating at 4 °C for 1 h in 100 ul GTPase lysis buffer. After incubation GST bound beads were

rinsed three times with 150 pl GTPase lysis buffer and resuspended in a total volume of 20 pl
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with GTPase lysis buffer. The amount of purified GST-RhoA-V14 and GST-RhoA-N19 bound to
glutathione agarose beads was estimated as described (section 2.2.7.2) and the binding assay
experiments were performed using 40 ug purified GST-RhoA protein. GST bound control
beads, GST-RhoA-V14 and GST-RhoA-N19 bound beads were incubated with Ga, HEK293
lysate (50 ug) or brain lysate (250-1500 pg), and as control with rhophilin HEK293 lysate
(25 pg). Beads, lysates and 100 pl of cold GTPase lysis buffer (+5 mM MgCl,) were mixed in a
1.5 ml tube and rotated at 4 °C for 1 h. Beads were pelleted (Eppendorf) at 200 x g and 4°C for
3 min, rinsed three times with cold 500 ul GTPase lysis buffer and transferred to a new 1.5 ml
tube. 20 ul of 1x Laemmli buffer (diluted from 6x Laemmli buffer with 1x PBS, section 2.1.2)
was added and the samples were denatured at 95 °C for 10 min or at 60 °C for 20 min. Samples

were analysed by SDS-PAGE and Western blotting (section 2.2.6).

2.2.9 Invitro translation and direct binding assays

2.2.9.1 Invitro translation

The TNT coupled transcription/translation system (Promega) was used to in vitro translate
rhophilin and Ga,-L209. In vitro translation reactions were performed according to
manufacturer’s instructions. Briefly, 1 ug of sample DNA was mixed with 25 pl of TNT rabbit
reticulocyte lysate, 2 pul TNT reaction buffer, 1 ul TNT RNA polymerase, 1 ul amino acid mixture
(without methionine) and 1 ul RNasin Ribonuclease inhibitor or with 40 pl of TNT quick master
mix. 2 pl [*>S] methionine was added and the reaction brought to a total volume of 50 ul with
nuclease-free water before being incubated at 30 °C for 90 min. Synthesised proteins were
analysed by running 1-2 ul of the radioactive translation products on SDS-PAGE and exposing
the dried gel to films as described below (section 2.2.9.2). In vitro translation reactions in the
absence of DNA were carried out and served as controls in direct binding assays (section

3.1.8).

2.2.9.2 Direct binding assays with purified RhoA-V14

20 ul of in vitro [*°S] translation product (rhophilin, Go,-L209 or control) was added to 10 pg
purified GST-RhoA-V14 or GST protein bound to glutathione agarose beads (section 2.2.7.2).
200 pl of NP-40 buffer was added and samples were rotated at 4 °C for 1 h. Beads were
washed three times with 1 ml NP-40 buffer and transferred into a new 1.5 ml tube. Beads were
resuspended in 25 pl 1x Laemmli buffer (diluted from 6x Laemmli buffer with 1x PBS, section
2.1.2) and denatured at 70°C for 5 min. Samples were analysed by electrophoresis as
described (section 2.2.6.1). Gels were fixed in fixation solution for 15 min, rinsed with dH,0
and soaked in Autofluor enhancer solution (National Diagnostics) at room temperature for 1 h.
Gels were dried on a gel dryer (BIO-RAD) at 80 °C for 2 h and exposed to films (BioMax MR-1,

Kodak) at -80 °C for 48 h. Films were developed using an automatic film processor (RG Il, Fuji).
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NP-40 Buffer 50 mM Tris-HCI pH 7.5

100 mM NaCl

10 mM MgCl,

05 % NP-40
Fixation Solution 7 % Methanol
7 % Acetic Acid

2.2.10 Sindbis virus production

2.2.10.1 RNA synthesis

RhoA-V14 and RhoA-N19 were cloned into pSinRep5-EGFP (section 2.2.13) generously
provided by A. Jeromin (Jeromin et al., 2003). The Sindbis plasmid contained the nonstructural
protein (nsP) 2 mutation (P726S) that has been described (Dryga et al., 1997) and expressed
enhanced green fluorescent protein (EGFP) under control of a second genomic promoter.
Plasmid DNA (pSinrep5-EGFP, pSinrep5-RhoA-V14-EGFP, pSinrep5-RhoA-N19-EGFP and
pHelper-DH-BB (tRNA/TE12)) was linearized by digesting 3 ug of DNA with the appropriate
amount of restriction enzyme and its respective buffer (Roche or NEB) in a total reaction
volume of 40 ul at 37 °C for 1-4 h. pSIN vectors were digested with Pacl for 4 h and the helper
plasmid with Xho!l for 1 h. 1l aliquots of the digests were taken for analysis. Linearized
plasmids were purified by phenol/chloroform extraction. Briefly, digests were taken up to
100 pl with diethyl pyrocarbonate (DEPC)-dH,0 and 100 ul phenol (pH 7.5) and 50 ul
chloroform were added. Samples were vortexed for 10s and centrifuged (Eppendorf) at
16,100 x g and 4 °C for 5 min. The upper phase was transferred to a new 1.5 ml tube and
1 volume chloroform was added; samples were vortexed and centrifuged as before. The upper
phase was transferred into a new 1.5 ml tube and 300 mM NaAc (pH 5.2) and 2.5 volumes
100 % EtOH added; DNA was precipitated at -20°C overnight. The DNA was pelleted
(Eppendorf) at 16,100 x g and 4 °C for 15 min and washed with 500 pl 80 % EtOH. The sample
was centrifuged again under the same conditions for 5 min and the supernatant was aspirated.
The pellet was air-dried for 35 min and dissolved in 5 pl DEPC-dH,0. A 0.5 pl aliquot was 1:20
diluted in DEPC-dH,0, of which 3 pl was analysed on a DNA agarose gel (section 2.2.12.3)

alongside the corresponding samples taken before purification.

RNA was synthesised using the mMessage mMachine SP6 kit (Ambion). The reaction was

performed according to manufacturer’s instructions. In 20 ul total volume, 2.5-4.5 ul of

linearized DNA (0.5—1 pg) was combined with 5 mM of each ATP, CTP and UTP, 1-2 mM GTP,

4 mM CAP analog (m’G(5")ppp(5')G), 1x reaction buffer and 1x enzyme mix (including RNase

inhibitor). The amount of GTP added to the reaction depended on the length of the

synthesised transcripts; for larger transcripts (pSIN-EGFP, 9 kb; pSIN-RhoA-V14-EGFP and pSIN-
61



RhoA-N19-EGFP, 9.5 kb) 2 mM GTP was added. Additional GTP will decrease the amount of
capped RNA, but is necessary to synthesise full-length transcripts. According to the mMessage
mMachine manual a ratio of 4:1 (CAP:GTP) results in 80 % of the synthesised transcripts being
capped, while the 2:1 ratio used for larger transcripts produces transcripts of which 67 % are
capped. Transcription was performed at 37 °C for 2 h and was followed by DNase treatment.
2 U TURBO DNase (provided with the mMessage mMachine SP6 kit) was added to the reaction
and incubated at 37 °C for 15 min. 0.5 ul aliquots were taken for analysis and the remaining

RNA was stored at -20 °C before being used in the Sindbis virus production (section 3.3.1).

RNA samples, alongside a sample of isolated RNA from HEK293 cells (1 ug), were analysed by
formaldehyde agarose gel electrophoresis. 0.5 pl of RNA sample was combined with 2.5 pl
DEPC-dH,0 and 5 volumes of RNA loading buffer, and incubated at 65 °C for 15 min. 1 pl of
ethidium bromide (1mg/ml) was added and the samples were loaded onto a 1 % formaldehyde
agarose gel (pre-run at 50V constant voltage at 4 °C for 30 min). Electrophoresis was
performed at 50 V constant voltage at 4 °C for 2 h. The RNA was visualized under UV light and

the gels documented as prints.

10x MOPS/EDTA 200 mM MOPS
50 mM NaAC
10 mM EDTA
pH 7.0
Formaldehyde Agarose Gel 1 % SeaKem LE agarose
1 x MOPS/EDTA
0.63 M Formaldehyde
1x RNA Gel Running Buffer 1 x MOPS/EDTA
0.63 M Formaldehyde
RNA Loading Buffer 750 ul Formamid
150 ul 10x MOPS/EDTA
240 ul 37 % Formaldehyde
100 ul Glycerol
60 ul H,0
20 ul Bromphenol Blue stock
20 ul Xylene Cyanol stock

2.2.10.2 Transfection of BHK-21 cells and harvesting of virus particles
BHK-21 cells were transfected with the synthesised RNA by electroporation. BHK-21 cells were
harvested by trypsinisation as described (section 2.2.1.2). Trypsinised cells were resuspended

in 5 ml BHK-21 complete medium (section 2.1.4) and pipetted up and down to obtain a single
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cell suspension. After centrifugation (Heraeus) at 200 x g for 5 min, cells were rinsed with
10 ml ice-cold PBS (Gibco, without cations) and counted in a Neubauer chamber. Cells were
centrifuged (Heraeus, 200 x g, 5 min) and resuspended in ice-cold PBS at 1 x 10”cells/ml. For
each electroporation 5 x 10° cells (500 pl) were transferred to a pre-cooled electroporation
cuvette (4 mm, BTX model 640, Harvard Apparatus, cooled on ice for ~40 min). 7.5 ul (3.75-
10 ug RNA) each of synthesised Sindbis (SIN-RhoA-V14-EGFP, SIN-RhoA-N19-EGFP or SIN-EGFP)
and helper RNA were mixed with the cells. Electroporation was performed on a GenePulser
XCell electroporator (BIO-RAD) using the time constant protocol to deliver an exponential
pulse with a specified pulse length of 7 ms and voltage of 500 V. Capacitor and resistor settings
were selected automatically to produce the requested pulse. Pulses were delivered to the cells
twice. Following electroporation cells were allowed to recover on ice for 5 min. They were
then transferred to 15 ml tubes containing 9.5 ml BHK-21 virus production medium (with
nucleosides; section 2.1.4) and the cuvettes were rinsed several times to collect all cells. Cells
were plated in 10 cm @ dishes and returned to the incubator for 24 h. The medium containing
the virus particles was collected and centrifuged (Eppendorf, 2,000 x g, 10 min) to remove any
detached cells. The supernatant was aliquoted and stored at -80 °C and subsequently used for
the infection of BHK-21 cells (section 3.3.1) and primary cultured hippocampal neurons

(section 3.3.3).

2.2.10.3 Determining the potency of the virus stock

The potency of the harvested virus stock and the optimal amounts of virus needed for
infection were determined empirically by infecting BHK-21 cells with various dilutions of the
virus stock and using EGFP expression as an indicator for the number of virions (section
3.3.1.3). BHK-21 cells (2 x10°/3.5cm @ well) were plated 24 h prior to infection in BHK-21
complete medium (section 2.1.4). Dilutions of the virus (1:10, 1:100, 1:500, 1: 1000, 1:2500
and 1:5000) were prepared in BHK-21 low serum medium (1 % FBS; section 2.1.4). Cells were
removed from the incubator and the medium aspirated. 100 pl of the dilutions was mixed with
300 pl of BHK-21 low serum medium and added to the cells. Cells were incubated at 4 °C for
1 h, during which the dishes were tilted every 15 min to make sure the cells remained covered
in solution. 2 ml of BHK-21 low serum medium was added and cells were placed in the
incubator for 24 h. Cells were rinsed twice with 2 ml PBS (Gibco) and 2 ml of fresh BHK-21 low
serum medium was added. Cells were examined using an inverted microscope (DM IBR, Leica,
section A.1.3) equipped with a 20x objective and an eyepiece grid micrometer (10 x 10 grid,
0.25 mm? with 20x objective). EGFP-positive (infected) cells were counted in the 10 x 10 grid in
several areas of the dish and used to calculate the potency of the virus stock; on average 10°-

10° virions/ml.

63



Virions/ml = Average number of infected cells in 10x10 grid x 3,520 x dilution factor
volume of viral dilution used (ml)

3,520 = 3.5 cm @ dish (880 mm?) / 10 x 10 grid (0.25 mm?)

1 infected cell = 1 virion

2.2.11 Microscopy

2.2.11.1 Preparation of cells for microscopy

Transiently transfected, microinjected and infected cells were prepared for microscopy by
fixation with paraformaldehyde followed in some cases by immunocytochemistry or cell
staining. Transfected cells (HEK293 or Swiss-3T3) were fixed in 4 % PFA/PBS. For microinjected
(Swiss-3T3) and infected (BHK-21) cells the 4 % PFA/PBS fixation solution also contained 10 %
sucrose. HEK293 cells, transfected with Lipofectamine 2000 in 3.5 cm @ dishes, were split onto
poly-D-lysine coated 22 x 22 mm coverslips (8 x 10*-1 x 10> cells/well) 24 h before fixation.
Swiss-3T3 and BHK-21 cells were plated on poly-D-lysine coverslips from the start of an

experiment.

Transiently transfected HEK293 and Swiss-3T3 cells were removed from the incubator, the
medium was aspirated and the cells were rinsed three times with 2 ml 1x PBS (section 2.1.2).
Cells were fixed in 1 ml 4 % PFA/PBS at room temperature for 10 min and then washed twice
with 2 ml 1x PBS. For FRET experiments, HEK293 cells were mounted onto glass slides (BDH)
with Mowiol mounting medium. Microinjected Swiss-3T3 cells and infected BHK-21 cells were
fixed by adding 300 pul of 4 % PFA/PBS (also containing 10 % sucrose) to the medium and
incubating at room temperature for 30 min. Cells were then rinsed twice with 2 ml 1x PBS. For
immunocytochemistry and cell staining, fixed HEK293, Swiss-3T3 and BHK-21 cells were
permeabilized in 750 pl 0.2 % Triton X-100 for 2 min and rinsed four times 5 min with 2 ml
1x PBS. Coverslips were transferred into a humidified chamber and 200 pl of blocking solution
was added to each coverslip. The humidified chamber was placed into an incubator (37 °C) for
30 min. For cell staining experiments of Swiss-3T3 and BHK-21 cells, the blocking solution was
replaced with Alexa Fluor 488 or 594 phalloidin conjugate (0.25 U) diluted in 200 pl blocking
solution and incubated in the humidified chamber at 37 °C for 30 min. After incubation the
solution was drained off the coverslips and coverslips were rinsed by dipping them 5x in a
beaker filled with 30 ml 1x PBS and then by washing them three times 5 min with 10 ml 1x PBS.
Coverslips were mounted onto glass slides using ProlLong Antifade (Molecular Probes)
mounting medium. For immunocytochemistry experiments of HEK293 cells, the blocking
solution was removed and 200 pl of primary antibody dilution (anti-HA 1:100, in blocking

solution) was added to the coverslips. Incubation was performed in the humidified chamber at
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37 °C for 1h and coverslips were then washed with 1x PBS as described for cell staining
experiments. Cells were incubated with secondary antibodies (anti-mouse Cy5 conjugated
1:600, in 200 pl of blocking solution) in the humidified chamber at 37 °C for 30 min. Coverslips
were washed as before and mounted onto glass slides with ProLong Antifade mounting
medium. Protected from light, slides were kept at room temperature overnight to allow the
mounting medium to harden. Coverslips were fixed firmly to the slides by sealing the edges
with nail polish. Slides were examined and images acquired with an Axiophot (Zeiss)
microscope and Micropublisher CCD camera (QImaging) or with a TCS SP5 confocal (Leica)
microscope and corresponding LAS AF software (Leica) (section A.1.3). Images were analysed

and processed with Imagel (version 1.44p, Java 1.6.0_20) and Adobe Photoshop CS.

4 % PFA/PBS 1 x PBS
4 % PFA
pH 7.3
0.2 % Triton X-100 1 x PBSpH 7.3
02 % Triton X-100
Blocking Solution 1 x PBS
10 % FBS
2 % BSA
Mowiol Mounting Medium 100 mM Tris-HCl pH 8.5
10 % Mowiol 4-88
25 % Glycerol

2.2.11.2 Fluorescence resonance energy transfer (FRET)
M3 muscarinic acetylcholine receptor stimulation

Muscarinic acetylcholine receptor M transfected HEK293 cells for FRET experiments (section
3.1.7) were stimulated with CCh (10 uM) before fixation. Cells were removed from the
incubator and washed once with 2 ml 1x PBS (section 2.1.2). The dilution of CCh was prepared
in 1x PBS and added to the cells for 3 min at room temperature. Cells were fixed in 4 %
PFA/PBS containing CCh (10 uM) for 10 min. Cells were washes four times with 2 ml 1x PBS

before being mounted onto glass slides (BDH) with Mowiol mounting medium.

Confocal microscopy

FRET experiments (section 3.1.7) were performed on a TCS SP5 Leica confocal microscope
fitted with a 63x/1.4 NA oil-immersion objective (section A.1.3). Confocal images were

acquired at 8 bit intensity resolution over 512 x 512 pixels and with a scan speed of 100 Hz of
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the 100 mW Argon laser (set to 20%). Cyan fluorescent protein (CFP) and its derivatives were
excited using the 458 nm laser line (at 20-30% intensity) and detected at 462-500 nm, and
yellow fluorescent protein (YFP) and its derivatives were excited with the 514 nm laser line (at
20-30% intensity) and detected at 520-600 nm. No cross talk was observed under these
conditions. FRET was assessed by acceptor photobleaching and was performed using Leica’s
LAS AF software acceptor photobleaching wizard. Bleaching experiments were performed as
follows: first sequential scans of the donor and acceptor were acquired, secondly a defined
region of interest (ROI) of the acceptor was bleached by increasing the intensity of the 514 nm
laser line (to 50 %) to destroy the YFP fluorophores, and thirdly the sequential scan of the

donor and acceptor was repeated.

FRET analysis

The Image) plug-in AccPbFRET (Roszik et al., 2008) was used. Following the subtraction of the
background fluorescence of a cell-free area from the overall fluorescence intensity and the
registration of before and after photobleaching images, FRET image analysis was performed.
The mean fluorescence intensities of ROIs at the membrane (for cells expressing Go,-ECFP-
Ga,) or in the cytoplasm (for cells expressing CFP-YFP, Ga,-ECFP, Ga,-ECFP-Ga,-L209 or Goy-
ECFP-Ga,-C183) were measured in before and after bleaching donor images and used to

calculate FRET efficiency (E) according to the following formula:
E=1—(lpa/In)

Ipa describes the normalized fluorescence intensity of the donor in presence of the acceptor
(i.e. before acceptor photobleaching) and I, the normalized fluorescence intensity of the donor
after acceptor photobleaching. The average of three ROI FRET efficiency measurements was

taken to determine a cell’s overall FRET efficiency.

Mean acceptor fluorescence after bleaching was calculated as percentage left (with 100%
corresponding to the acceptor fluorescence intensity before photobleaching) by measuring

YFP fluorescence intensity of three ROIs in before and after photobleaching images.

2.2.11.3 Analysis of stress fibre formation in microinjected or infected cells

Mean fluorescence intensity was used as a measure to impartially assess the level of stress
fibre formation in control, RhoA-V14 and RhoA-N19 microinjected and infected cells (section
3.2.3 and 3.3.1.4). Cells injected with TRITC alone were used as control in microinjection
experiments, while the effect of RhoA-V14 and RhoA-N19 infections was compared to EGFP
infected cells. TRITC and EGFP also served to identify microinjected and infected cells. Actin

was stained with Alexa Fluor 488 phalloidin conjugate or Alexa Fluor 594 phalloidin conjugate
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and its image was analysed together with its reporter image (TRITC or EGFP) in Imagel. The
reporter image was enhanced and the threshold (Image -> Adjust -> Threshold -> select
over/under) adjusted in a way that only the injected/infected cell was spared from being
masked in blue. Using the wand tool the cell was selected and its outline displayed by a yellow
line. This cell outline was saved as a ROl in the ROl manager (Analyse -> Tools -> ROl Manager)
and used to select the same area in the corresponding actin stain image. The mean
fluorescence intensity of the actin stained cell was measured using the ROl manager. This
procedure was repeated for all control, RhoA-V14 or RhoA-N19 injected. Results are shown as
mean + SEM and statistical analysis was performed in GraphPad Prism 4.0 (GraphPad
software). For statistical comparison one-way ANOVA (including a post-hoc Bonferroni’s

multiple comparison test) was used and significance was defined as P<0.05.

2.2.11.4 Co-localisation analysis

Co-localisation between ECFP-tagged Go, and Venus-RhoA (section 3.1.5) was analysed using
the Imagel plug-ins: Just Another Co-localisation plug-in (JACoP; plug-in authors S. Bolte and F.
Cordelieres; Bolte and Cordelieres, 2006) and the intensity correlation analysis plug-in (plug-in
authors T. Collins and E. Stanley; Li et al., 2004). The Pearson’s coefficient, overlap coefficient
and Manders’ co-localisation coefficients were calculated using the JACoP plug-in and the
intensity correlation quotient (ICQ) was calculated using the intensity correlation analysis plug-
in. Confocal images were aligned and background subtracted before co-localisation analysis.
For the analysis of the plasma membrane region, a membrane-only ROl was drawn in Image)
with the Ga,-ECFP-Ga, image as a template. The equal number of objects in each channel is a
requirement for the overlap coefficient, so ratios between channel A (ECFP-tagged Ga,) and
channel B (Venus-RhoA) were determined using the intensity correlation analysis plug-in. The
normalized intensity scatter plots were drawn using the ECFP-tagged Ga, and Venus-RhoA
intensity value pairs obtain with the intensity correlation analysis plug-in. For the intensity
correlation analysis graphs the product of the difference of the mean (PDM) values were
plotted against the normalized fluorescence intensity of ECFP-tagged Ga, or Venus-RhoA
intensity; all values were obtained using the intensity correlation analysis plug-in. Whether the
calculated ICQ was significantly different from zero, was assessed by performing a sign test

using Excel.

The following formulas refer to the pixel intensity values of channel A (ECFP-tagged Ga,) as A;
and of channel B (Venus-RhoA) as B;, corresponding mean intensity values are represented as a
and b. N, ppwm is defined as the number of positive PDM values obtained and N, refers to the

total number of pixel pairs tested.
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2.2.12 Molecular biology techniques

2.2.12.1 Digestion of DNA with restriction enzymes

DNA was mixed with the appropriate amount of restriction enzymes, their corresponding
buffer (Roche, GE or NEB) and dH,0 in 1.5 ml tubes and digested at 37 °C for 1-4 h. Analytical
digests were performed in a total volume of 15 ul containing 40—1000 ng DNA. For preparative

digests and digestions of vectors 1-3.6 ug DNA was digested in a volume of 40 ul. 5x DNA

sample buffer was added to the digests to stop the reaction. Samples were analysed on an

agarose gel.

5x DNA Sample Buffer 20 % Ficoll 400
100 mM EDTA
0.25 % Bromphenol Blue
0.25 % Xylene Cyanol

2.2.12.2 Dephosphorylation of vectors

After linearization by restriction enzyme digestion, vectors were treated with alkaline
phosphatase to prevent self-ligation. 2 U of alkaline phosphatase (Roche) and corresponding
10x dephosphorylation buffer was added to the digestion reaction and incubated at 37 °C for

1 h. Reactions were stopped with the addition of 5x DNA sample buffer (section 2.2.12.1).
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2.2.12.3 Agarose gel electrophoresis

DNA fragments were separated by horizontal agarose gel electrophoresis. Depending on
fragment size separation was performed on 0.5 %, 0.7 %, 1.0% or 1.3 % agarose gels. TAE
(National Diagnostics) buffer was used for preparative gels; TBE buffer was used for analytical
gels. The necessary amount of agarose was added to 1x TAE or 1x TBE buffer in 40 ml or 70 ml
and dissolved by heating in the microwave. After cooling ethidium bromide was added to a
final concentration of 0.4 ug/ml, which was identical to the amount of ethidium bromide in the
1x TAE or 1x TBE running buffer, and the gel was poured. Samples were loaded alongside DNA
molecular weight markers (100 bp and 1 kb DNA ladders, Invitrogen) and electrophoresis was
performed at 50-100 V for 30 min—-2 h. The DNA was visualized under UV light (365 nm for

preparative gels, 254 nm for analytical gels) and the gels documented as prints.

5x TBE 445 mM Tris Base
445 mM Boric Acid
10 mM EDTA

2.2.12.4 Gel extraction of DNA

DNA was extracted from gels with the Nucleobond Extract kit (Macherey-Nagel) according to
manufacturer’s instructions. The required DNA fragment was excised from the gel with a
scalpel and the gel slice was dissolved in NT1 buffer (300 ul buffer/100 mg gel) at 65 °C for 5—
10 min. The DNA was isolated by loading the sample onto a DNA binding column (silica
membrane adsorption), followed by two washes with NT3 buffer (600 ul and 200 pl) and
elution with 30 ul NE buffer. To increase the yield the elution was run over the column a

second time.

2.2.12.5 Ligation

Dephosphorylated vector was mixed with 3 molar excess of DNA insert, 1 U T4 ligase and
5x ligation buffer and dH,0 to a final volume of 20 pl. Ligation reactions were carried out in a
water bath at 14 °C for 2 h. 10 ul of the ligation mix was used to transform DH5a bacteria
(section 2.2.12.7). The remaining reaction was continued to be incubated overnight and used

in case the transformation of the 2 h ligation product did not result in sufficient numbers of

colonies.

5x Ligation Buffer 100 mM Tris-HCl pH 7.5
50 mM MgCl,
50 mM DTT
5 mM ATP
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2.2.12.6 Competent DH5a bacteria

DH5a bacteria were made competent for transformation using the Okayama method (Inoue et
al, 1990). DH5a bacteria were spread onto LB plates (section 2.1.3) and incubated at 37 °C
overnight. A single colony was picked the next morning, inoculated in 25 ml of SOB medium
and incubated at 37 °C and 220 rpm for 6-8 h. Of this starter culture 8 ml, 6 ml and 3 ml were
used to start three cultures of 125 ml SOB medium each. Incubation was carried out at 18 °C
and 150 rpm overnight. Once one of the cultures reached an ODgg of 0.55 it was transferred to
an ice water bath for 10 min; the other two cultures were discarded. Bacteria were harvested
by centrifugation (Beckman, JA-14 rotor) at 2,500 x g and 4 °C for 10 min, resuspended in 38 ml
ice-cold TB buffer and incubated in the ice water bath for 10 min. Bacteria were pelleted
(Beckman, JA-14 rotor, 2,500 x g, 4 °C, 10 min) and resuspended in 10 ml ice-cold TB buffer.
Keeping the bacteria suspension in the ice water bath and swirling it gently 750 ul of DMSO
was added drop-wise. Bacteria were incubated in the ice water bath for 10 min before being
aliquoted (~110 ul/ aliquot) and immediately snap-frozen in liquid nitrogen. Competent DH5a

bacteria were stored at -80 °C and had a transformation efficiency of > 3 x 10.

SOB Medium 20 g/l Tryptone
5 g/l Yeast Extract
10 mM NacCl
5 mM KCl
pH 7.0, autoclave
10 mM MgCl,, sterile-filtered
10 mM MgSQ,, sterile-filtered
TB Buffer 10 mM MOPS
15 mM CaCl,
250 mM KCI
pH 6.7
55 mM MnCl,

sterilized by filtration

2.2.12.7 Transformation of DH5a Bacteria
Transformation of DH5a bacteria with DNA was performed according to one of the following

protocols.

In the short protocol, 100 ul of competent bacteria were added to plasmid DNA, which had
been diluted in 10 ul dH,0, and mixed gently. Depending on selection criterion, transformed
bacteria were spread either on LB-ampicillin plates (section 2.1.3; 100 pg/ml) or on
LB-kanamycin plates (section 2.1.3; 30 ug/ml) and incubated at 37 °C overnight to allow

colonies to grow.
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The standard protocol was mainly used following ligations. 10 pl of the ligation product was
mixed with 100 pl bacteria and incubated on ice for 15 min. The bacteria were heat-shocked
by placing them on a heat block at 37 °C for 5 min. 110 pl of pre-warmed LB medium (section
2.1.3) was added to the bacteria, mixed gently, and the bacteria were further incubated at
37 °C for 15 min. Transformed bacteria were plated on LB-ampicillin plates (100 pg/ml) and

incubated at 37 °C overnight.

The gentle protocol was used to transform DH5a bacteria with Sindbis plasmid DNA (pSIN-
EGFP, pSIN-RhoA-V14-EGFP and pSIN-RhoA-N19-EGFP) and its helper pHelper-DH-BB
(tRNA/TE12). Bacteria were thawed on ice, mixed with DNA (diluted in 10 pl dH,0) or 5 pl of
ligation product in pre-cooled 1.5 ml tubes and incubated on ice for 30 min. The heat-shock
was performed by transferring bacteria to a heat block at 37 °C for 5 min. 1 ml pre-warmed
SOC medium was added and bacteria were incubated at 37 °C and 120 rpm for 45 min.
Bacteria were harvested by centrifugation (Eppendorf) at 2,500 x g for 6 min and resuspended
in 110 pl SOC medium. Transformed bacteria were spread on LB-ampicillin plates (50 pg/ml)

and incubated at 37 °C overnight.

SOC Medium 20 g/l Tryptone
5 g/l Yeast Extract
10 mM NacCl
2.5 mM KCl
pH 7.0, autoclave
20 mM Glucose, sterile-filtered
10 mM MgCl,, sterile-filtered
10 mM MgSQ,, sterile-filtered

2.2.12.8 Isolating DNA from bacteria
Isolation of plasmid DNA from small cultures

A single colony was picked from a LB-ampicillin or LB-kanamycin plate and used to inoculate
4.5ml LB medium (section 2.1.3) containing the appropriate antibiotic (75-100 pg/ml
ampicillin or 20 pg/ml kanamycin). The culture was incubated in 14 ml Falcon tubes with snap-
caps at 37 °C and 200 rpm overnight. Plasmid DNA was isolated using the NucleoSpin Plasmid
kit (Macherey-Nagel) according to manufacturer’s instruction. Bacteria were harvested by
centrifugation (Heraeus) at 3,200 x g for 5 min and the pellet was resuspended in 250 pl Al
buffer and transferred to a 1.5 ml tube. 250 ul of A2 lysis buffer was added and gently mixed
by inverting. 300 ul of A3 neutralization buffer was added, mixed and the lysate was clarified
by centrifugation (Eppendorf) at 16,100 x g for 5 min. The DNA was bound by loading the

supernatant onto the NucleoSpin Plasmid column (silica membrane adsorption) (Eppendorf,
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11,000 x g, 1 min) and washed by adding 600 ul A4 wash buffer (Eppendorf, 11,000 x g, 1 min).
The column membrane was dried by centrifugation (Eppendorf) at 11,000 x g for 2 min. The
DNA was eluted by addition of 50 ul pre-warmed AE elution buffer (70 °C), incubation for 1 min

and centrifugation (Eppendorf) at 11,000 x g for 1 min.

Isolation of plasmid DNA from medium and large cultures

Plasmid DNA was isolated using the NucleoBond PC100 or PC500 kits (Macherey-Nagel)
according to manufacturer’s instructions. Midi-preparations (PC100) were prepared from
40 ml cultures (high-copy plasmid protocol) or 70 ml cultures (adapted low-copy plasmid
protocol) bacterial cultures; maxi-preparations (PC500) from 120 ml cultures (high-copy

plasmid protocol) or 210 ml cultures (adapted low-copy plasmid protocol).

40 ml of LB medium (section 2.1.3) containing the appropriate antibiotic (100 pug/ml ampicillin
or 20 pg/ml kanamycin) was inoculated with a single colony picked from a LB-ampicillin or LB-
kanamycin plate and incubated at 37 °C and 200 rpm overnight. Bacteria were harvested by
centrifugation (Hereaus) at 3,200 xg and 4 °C for 10 min and resuspended in 4 ml cold
S1 buffer. Cells were lysed by adding 4 ml of S2 buffer and the suspension was gently mixed by
inverting. 4 ml S3 buffer was added, gently mixed and incubated on ice for 5 min. The lysate
was clarified by centrifugation (Heraeus, 3,200xg, 4°C, 5min) and filtration of the
supernatant through a paper filter. The supernatant was loaded onto an AX100 column (anion-
exchange chromatography), which had been pre-equilibrated with 2.5 ml N2 buffer. The
cartridge was washed twice with 5 ml N3 buffer and the DNA was eluted with 5 ml N5 buffer.
The eluted DNA was precipitated by adding 3.5 ml isopropanol and centrifuging (Beckman, JA-
17 rotor) at 12,000xg and 4 °C for 30 min. The pelleted DNA was washed with 2 ml
75 % ethanol and centrifuged (Beckman, JA-17 rotor, 12,000 x g, 4 °C, 15 min) before being air-
dried and dissolved in dH,0 at a final concentration of 1 pug/ul. DNA purity and concentration
was determined using a spectrophotometer (SmartSpec Plus, BIO-RAD or NanoDrop 1000,

Labtech International).

Sindbis plasmids (pSIN-EGFP, pSIN-RhoA-V14-EGFP and pSIN-RhoA-N19-EGFP) were purified
from 70 ml bacterial cultures. LB medium containing 75 pg/ml carbenicillin was inoculated
with a single colony or with 5 pl of a starter-culture (a single colony grown in 5 ml LB medium
(75 pg/ml carbenicillin) at 37 °C and 200 rpm for 7 h) and grown at 37 °C and 200 rpm
overnight. Bacteria were harvested (Heraeus, 3,200 x g, 4 °C, 10 min), resuspended in 8 ml S1
buffer containing 2 mg/ml lysozyme and incubated on ice for 10 min. Purification was
continued as described above, using 8 ml of S2 and S3 buffers. Column-bound DNA was

washed three times with 4 ml N3 wash buffer and elution of DNA was carried out using 5 ml
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pre-warmed N5 (50 °C). DNA was precipitated, washed and dissolved following the above

protocol exactly.

For DNA purifications using the NucleoBond PC500 kit (Macherey-Nagel) and the high-copy
plasmid protocol, 120 ml of LB medium (100 pg/ml ampicillin) was inoculated with a single
colony picked from a LB-ampicillin plate and grown at 37 °C and 200 rpm overnight. DNA
purification was performed as described for 40 ml bacterial culture preparations. It differed
only in the use of larger amounts of buffers (12 ml of S1, S2 and S3) and the removal of cell
debris by a centrifugation of 15 min (Heraeus, 3,200 x g, 4 °C) instead of 5 min. An AX500
column, equilibrated with 6 ml N2 buffer, was used to bind the DNA and bound DNA was
washed twice with 16 ml N3 buffer. 15 ml of N5 buffer was used to elute DNA, which was
precipitated by addition of 11 ml of isopropanol and centrifugation (Beckman, JA-17 rotor,

12,000 x g, 4 °C, 30 min). DNA pellets were washed and dissolved as described above.

Maxi-preparations of the Sindbis helper plasmid (pHelper-DH-BB (tRNA/TE12)) were
performed using the adapted low-copy plasmid protocol described above for 70 ml cultures.
Briefly, a 5 ml starter culture (LB medium, 75 ug/ml carbenicillin) was inoculated with a single
colony and grown at 37 °C and 200 rpm for 7 h. 5ul of the starter culture was used to
inoculate 210 ml LB medium (75 pg/ml carbenicillin) and grown at 37 °C and 200 rpm
overnight. Bacteria were harvested (Beckman, JA-14) at 3,200 x g and 4 °C for 10 min and the
pellet was resuspended in 24 ml S1 buffer containing 2 mg/ml lysozyme and incubated on ice
for 10 min. Purification was continued as described for 120 ml high-copy plasmid purifications,
using 24 ml of S2 and S3 buffers. DNA bound to the AX500 column was washed twice with
18 ml N3 buffer. Elution and precipitation of DNA was performed as described for maxi-

preparations and the DNA was dissolved in dH,0.

Reuse of AX columns

At times AX100 and AX500 columns were reused. Cross contamination was avoided by always
using a cartridge for only one plasmid DNA. For direct reuse the cartridge was re-equilibrated
with the appropriate amount of N2 buffer (2.5 ml for AX100 and 6 ml for AX500). For long term
storage the cartridge was washed twice with dH,0 and then once with 50 % ethanol; the
cartridge was filled all the way to the top and allowed to completely run out. The cartridge was
carefully wrapped in Parafilm and stored in its original plastic packaging at 4 °C. The cartridge
was prepared for reuse by one rinse with dH,0 and equilibration with N2 buffer as described

above.
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2.2.12.9 Amplification of DNA by polymerase chain reaction (PCR)
DNA modifications

DNA was amplified by PCR with KOD hot start polymerase (Novagen). In 0.2 ml PCR tubes, DNA
was mixed with 1 pmol/ul of each of the two primers, 0.2 mM dNTPs, 1.5 mM MgSQ,, 1x KOD
hot start buffer and 1 U KOD hot start polymerase in a total volume of 50 pul. In a thermal
cycler (2720, Applied Biosystems) the PCR was performed as follows: an initial denaturing step
at 94 °C for 5 min was followed by 15 cycles of denaturing at 94 °C for 30 s, annealing at 45 °C
for 30 s and elongation at 72 °C for 1 min, and concluded by an elongation at 72 °C for 10 min.

The reaction was kept in the thermal cycler at 4 °C until use.

15 cycles

94°C | 94°C
5min§ 30s

72°C | 72°C
1 min {10 min

Figure 2.2 KOD polymerase PCR. Schematic representation of the reaction conditions used to
perform DNA modifications.

PCR products were separated by agarose gel electrophoresis and extracted from the gel
(section 2.2.12.3 and 2.2.12.4). Amplified DNA products were digested with appropriate
restriction enzymes (section 2.2.12.1) and prepared for ligation by agarose electrophoresis and

gel extraction as before.

Single colony PCR

Following ligations of RhoA-V14 or RhoA-N19 into pSIN-EGFP single colony PCR was performed
to screen for recombinant plasmids. Single colonies were picked from LB-ampicillin plates and
dissolved in 10 pl dH,0. In 0.2 ml PCR tubes, 5 ul of the dissolved colony was mixed with
1 pmol/ul primers (P2137 and P2222), 0.2 mM dNTPs, 1.5 mM MgCl,, 1x Tag buffer and
0.15 U Taqg polymerase (Invitrogen) in a total volume of 15 ul. PCR was performed with the
following settings: an initial denaturing step at 95 °C for 10 min was followed by 25 cycles of
denaturing at 94 °C for 30 s, annealing at 65 °C for 30 s and elongation at 72 °C for 1 min, and
was completed by an elongation at 70 °C for 7 min. Reactions were kept at 4 °C in the thermal

cycler until use. PCR products were analysed by agarose gel electrophoresis (section 2.2.12.3).
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25 cycles

95C { gac

Figure 2.3 Single colony PCR. Schematic representation of the reaction conditions used to carry
out single colony PCR.

2.2.12.10 Sequencing

For sequencing reactions, 400 ng of DNA was mixed with 4 pl BigDye terminator v2.0 (Applied
Biosystems) and 3.5 pmol of the sequencing primer and brought to a total volume of 20 pl with
dH,0. The PCR was run with the following settings in a 2720 thermal cycler (Applied
Biosystems): an initial denaturing step at 94 °C for 30 s was followed by 25 cycles of denaturing
at 94 °Cfor 30s, annealing at 50 °C for 15 s and elongation at 60 °C for 4 min; reactions were

then kept at 4 °Cin the thermal cycler or at -20 °C until processed.

25 cycles

94°C | 94°C

. 30s 60°C

Figure 2.4 Sequencing PCR. Schematic representation illustrating the reaction settings used to
sequence DNA.

Sequencing PCR products were precipitated with the addition of 2 pl NaAc (pH 4.6, 3 M) mixed
with 50 ul EtOH absolute and incubation on ice for 10 min. Precipitated DNA was collected by
centrifugation (Eppendorf) at 14,000 x g and 4 °C for 15 min, the supernatant was aspirated
and the pellet was washed with 250 pl EtOH (75 %) and centrifuged as before. All liquid was
aspirated and the pellet air-dried before being sent for sequencing (3100-Avant, Applied

Biosystems). Analysis was performed with DNAstar Software (Lasergene).
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2.2.13 Cloning strategies

2.2.13.1 pRK5-myc-Venus-RhoA

The fluorescent fusion protein Venus-RhoA, used for FRET experiments (section 3.1.7), was
constructed by inserting the YFP derivative Venus into pRK5-myc-RhoA using the Bam Hl site.
Employing this cloning strategy leaves the carboxyl-terminus of RhoA, which contains a CAAX

motif essential for plasma membrane attachment, intact.

E K EEVN
]
—//—|1 pCAGGS-Raichu1298X }I—I—l—l,—%
M13
EcoRI/Asp718
P2187 B
. 4 . P2188
|
Venus M
P2187 AN B
WO P2189
B
: P4
Venus H
B Y B C B E P HIlI
] ] ]
| Venus M SP6>—|—| pRK5-myc-RhoA HLLI—/,/‘
P5
BamH]I BamHI
Ligation
C B B E PHII
1 ]
5P6>—|—| pRK5-myc-Venus-RhoA HJ—I—I—//-
PS
Figure 2.5 Cloning strategy of pRK5-myc-Venus-RhoA. The fluorophore Venus, a YFP derivative,

was inserted between the Myc-tag and the amino-terminus of RhoA.
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2.2.13.2 pcDNAS3.1-EE-ECFP-Ga,-Q209L

The fluorescent fusion protein Ga,-ECFP-Ga,-L209, used for FRET experiments (section 3.1.7),
was constructed by inserting a section of Ga, that was tagged with the fluorophore ECFP
between residues 124 and 125 into pcDNA3.1-EE-Ga,-Q209L using the Hind Il and Nde | sites.
The strategy to insert ECFP into an internal loop of Ga, was chosen to leave the amino-
terminus of Gog intact, because these residues are essential for palmitoylation and Gy
binding (Evanko et al., 2000; Chen and Manning, 2001), and are required so as to prevent

cytosolic localization of a carboxyl-terminal tagged Ga, (Witherow et al., 2003).

Spel Nd HILK BSpel EEV N O XAp
| 1111

el | 1111 ] o
. pcDNA3 ~
Spel/Hindlll
Nd NhHIl Nd N X
[ I [
—//J—I—II\ pECFP-N1-Gag N‘—I—/, -
P2135 P2136
Hindlll/Ndel
Spel \/ Hill H|II| Y N|d
4 Gog1124-ECFP M
SpelNd NhHIIIK Nd OX Ap
] |
-//J—l—\l—u-l pcDNA3.1-EE-Gag-Q209L )I'J—l,—%
T7 P1496
Spel/Ndel
Ligation
Spel Hill \/ Nd OX Ap
l | [
—//J—\'| pcDNA3.1-EE-ECFP-Goig-Q209L )I'J—I—//-
T7 P1496
Figure 2.6 Cloning strategy of pcDNA3.1-EE-ECFP-Ga,-Q209L. Construction of constitutively

active Go,-ECFP-Ga,-L209 with ECFP placed between residues 124 and 125 of Gay,.
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2.2.13.3 pSinrep5-RhoA-G14V-EGFP
RhoA-V14 Sindbis virus, used to infect cultured hippocampal pyramidal neurons (section 3.3.3),
was constructed by inserting constitutively active RhoA-V14 into pSinrep5-EGFP using the Xba |

site.

P, X
2222 Met
Z M13

PX

CE
—//J-ll pVP16-4-RhoA-G14V )l“—(wa

Y

1 ' KAp O L C HIl EVEP M BSpel X NSISI
|_| RhoA-G14V ”J L] S A T B
pBluescript SK (+)
Xbal Xbal
Ligation
X X
T/~ ;T3
pSK(ll)+-RhoA-G14V Sequencing
Xbal
X X Mlul Pmll Sphl Stul

>

ST LS BT e P

pSinrep5-EGFP

Xbal
Ligation
X X
1 1
sy pSinrep5-RhoA-G14V-EGFP [Nl /<
Figure 2.7 Cloning strategy of pSinrep5-RhoA-G14V-EGFP. Constitutively active RhoA-V14 was

cloned into the Sindbis virus expression vector. nsP, nonstructural protein; Psg, subgenomic promoter
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2.2.13.4 pSinrep5-RhoA-T19N-EGFP
RhoA-N19 Sindbis virus, used to infect cultured hippocampal pyramidal neurons (section

3.3.3), was constructed by inserting inactive RhoA-N19 into pSinrep5-EGFP using the Xba | site.

c E PHII
sws)—‘—[ pRK5-myc-RhoA-T19N —
PS5
Clal/EcoRI
C Y E
SISI N X Sfe\B PEEVHI C L O Arx
I—| myc-RhoA-T19N NJ T}>I 111 | T T A A I <T3
pBluescript KS (+)
EcoRlI/Clal
Ligation
] tx P2222

XE

Pl g

c
T7 N
pKS(I1)+-myc-RhoA-T19N oz~

X

RhoA-T19N

—Lg

M B Spel X N SII SI
L1111l /

7

Xbal

Xbal

Ligation

X

T7_|.|>

Xbal

X

]

>

RhoA-T19N

SP6 nsP1-4

Pscl

pBluescript SK (+) N

;T3
pSK(I1)+-RhoA-T19N Sequencing

X Mlul Pmli Sphl Stul

Psc2

pSinrep5-EGFP

Xbal

X
1

Ligation

X

sps>-|

Figure 2.8

|
pSinrep5-RhoA T19N-EGFP [INNNNNNNNN <

Cloning strategy of pSinrep5-RhoA-T19N-EGFP. Inactive RhoA-N19 was cloned into

the Sindbis virus expression vector. nsP, nonstructural protein; P, subgenomic promoter
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2.2.13.5 Restriction enzyme abbreviations

Apall Ap Nhe | Nh
Asp 718 K Not | N
Bam HI B Pst | P
Cla | C Sal | L
Eco RI E Smal M
Eco RV EV Sst S|
Hind I Hill Xba |

Ksp | SlI Xho | 0]
Nde | Nd

2.2.14 Electrophysiology

2.2.14.1 Recordings in primary culture of hippocampal neurons

3.8-5.0 MQ borosilicate glass pipettes were pulled with a L/M-3P-A vertical puller (List
Medical) and filled with a potassium methylsulphate (KMeSQ,)-based intracellular solution.
Whole-cell gigaseal recordings (Hamill et al., 1981) were obtained from pyramidal neurons in
hippocampal cultures (DIV 9-16; section 3.3.2 and 3.3.3) prepared as described above (section
2.2.1.3). Using an EPC10 patch clamp amplifier (HEKA Elektronik) and the Pulse v8.8 software
(HEKA Elektronik) recordings were performed under visual control (Axiovert 200, Zeiss, section
A.1.3) and pyramidal neurons were identified by their morphology. Cells, infected with RhoA-
V14 or RhoA-N19 Sindbis virus, were identified by their EGFP expression. Recordings from
uninfected neurons served as control. Recordings were carried out at room temperature and
cells were constantly superfused with extracellular solution (1 ml/min). In these recordings the
liquid junction potential was 9.5 mV and not corrected. D-(-)-2-amino-5-phosphonopentanoic
acid (APV, 25 uM), blocking NMDA receptors, and 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo(f)
quinoxaline-7-sulfonamide (NBQX, 5 uM), blocking AMPA receptors, were added to the

extracellular solution at all times to suppress excitatory network activity of the neurons.

Intracellular Solution 135 mM KMeSO,
10 mM KCl
10 mM HEPES
1 mM MgCl,
2 mM ATP-Na
0.4 mM GTP-Na
pH 7.25-7.3

osmolarity 290-300
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Extracellular Solution 140 mM NaCl

35 mM KCl

10 mM HEPES

16 mMm Glucose

2 mM CaCl,

1.5 mM MgCl,
pH 7.4

osmolarity 305-310

Ca”*-free Extracellular Solution 140 mM NaCl
3.5 mM KCl
10 mM HEPES
16 mM Glucose
5 mM MgCl,
pH 7.4

osmolarity 305-310

Once whole-cell configuration was established, the membrane resting potential of a cell was
read off immediately by switching to current clamp mode (without injecting any current). Only
cells with a membrane resting potential of V. <-50 mV were included in the analysis. In
current clamp mode the firing activity of a cell was examined by delivering current injections in
50 pA steps (starting with 50 pA) that lasted 1 s (Fig. 2.9). Current injections were delivered

every 10 s and acquired traces were filtered at 2.8 kHz.

0omv

-67 mV
100 pA
50 | |
0 — 1s L
Figure 2.9 Assessing the firing activity of a cell. The firing behaviour of a cell (top) was examined

using a stimulation protocol (bottom) that delivered increasing current injections, in 50 pA steps, every
10 s with each injecting of current lasting 1 s. In this example of a recording, only current injections of
50 pA and 100 pA were delivered.

The cell was then switched to voltage clamp mode and held at a holding potential of -50 mV. In
whole-cell configuration the current will flow through a series of resistors. The resistances
(series resistance, R, and membrane resistance, R;,) present were calculated from the current

response of the cell to a 5 mV hyperpolarizing step from the holding potential of -50 mV that
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lasted 100 ms (Fig. 2.10). Traces were acquired at intervals of 4 s and were filtered at 5 kHz.
Only cells with a series resistance of R <30 MQ and a membrane resistance of R;, > 100 MQ

were included in the analysis.

A B
! I i — = = = = = e e o e
I A “2
|
1 in = command/ 2
e I
o \
]
I
I
I 1
1
1 1
| I
-50
-55 mV—! !_ /
|t -1 R =
= - " 5 comman
I 100 ms G s .
Figure 2.10 Measuring passive membrane property of a cell. (A) The hyperpolarizing voltage step

from -50 mV to -55 mV (Vcommand, bottom) resulted in the current trace shown (top). (B) This current
response was used to calculate the series resistance (Rs) and the membrane resistance (R;,) using Ohm’s
law. Rs was calculated by dividing the Vcommand step by the amplitude of the capacitive transient, I;.
For R;, the Vcommand step was divided by the amplitude of the current (after reaching steady state), I..
2.2.14.2 sl recordings in cultured hippocampal neurons

Cells were voltage-clamped at -50 mV and sl Was activated by applying a depolarizing step
to +30 mV that lasted 200 ms (Fig. 2.11A). This caused a rise in intracellular Ca®*, which was
elicited by the opening of voltage-gated Ca** channels (Cay). Changes to the series resistance
were monitored throughout by delivering a 100 ms long 5 mV hyperpolarizing step to the cell
at the beginning of each protocol (Fig. 2.11A). This stimulating protocol was delivered at 30 s
intervals and traces were filtered at 250 Hz. Ca** influx into the cells was maximized by adding
the voltage-gated Na* channel blocker tedrodotoxin (TTX, 0.5 uM) and the voltage-gated K"
channel blocker TEA (1 mM) to the bath solution. The addition of dTC (50-100 uM) to the
extracellular solution isolated slayp by blocking Kc,2 channels that underlie lanp. Slawe Was
suppressed by the application of the cyclic AMP analogue 8CPT-cAMP (100 uM, in bath

solution) or the cholinergic agonist CCh (2.5 uM, in bath solution).
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ca?* spike

Rs monitoring

A Y
,Slanp

+30 mV

-

-50 mV

2s

Figure 2.11 Example of a slyyp recording and details of the corresponding stimulation protocol
and current measurements. (A) Current trace (top) recorded upon delivery of the voltage clamp
protocol shown (bottom). The protocol commenced with a hyperpolarizing step (to -55 mV for 100 ms)
that was used to monitor series resistance (R;), while the depolarizing step (to +30 mV for 200 ms)
caused an influx of Ca®' through Cay channels and activated Ca2+-dependent Slanp- (B) Enlarged slayp
current trace indicating the measurements that were taken: amplitude (amp, mean amplitude value at
the peak of slayp) and charge transfer (Q, area under the curve measured from the peak to the end of
the trace). The dashed grey line indicates zero current. The recording was performed in the presence of
25 uM D-(-)-2-amino-5-phosphonopentanoic acid, 5 uM 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo(f)
quinoxaline-7-sulfonamide, 0.5 uM tedrodotoxin, 1mM tetraethylammonium and 50puM d-
Tubocurarine.

After reaching a stable baseline, recorded sl current traces were analysed by taking the
following measurements: amplitude (amp; Fig. 2.11B, mean current value measured at the
peak of the slayp trace (0.7-1.0 s after the end of the depolarisation step)) and charge transfer
(Q; Fig. 2.11B, area under curve measured from the peak to the end of the slayp current trace).
Occasionally Iapp current traces were analysed (Fig. 3.26) and mean |,y amplitude values were
measured ~0.1s after termination of the depolarisation step. Stock solution of 8CPT-cAMP
(50 mM), APV (50 mM), CCh (10 mM), dTC (20 mM), NBQX (5mM), TEA (1 M) and TTX
(0.2 mM) were prepared in dH,0. TEA and TTX stock solutions were stored at +4 °C and all

other stock solutions at -20 °C.

2.2.14.3 Data analysis and statistics
Electrophysiological data were analysed using Igor Pro 6.2 (WaveMetrics) and statistical
analysis was performed in GraphPad Prism 4.0 (GraphPad software). Results are shown as

mean + SEM. For statistical comparison paired and unpaired two-tailed Student’s t-tests and
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one-way ANOVA (including a post-hoc Bonferroni’s multiple comparison test) were used and

significance was defined as P<0.05.
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3 Results
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3.1 Investigating the interaction between the G-Protein a subunit Ga, and
the small GTPase RhoA

The signalling pathway mediating the suppression of slaye by cholinergic and glutamatergic
agonists has been shown to involve the G-protein a subunit Ga, (Krause et al., 2002), but not
via the classical pathway involving activation of PLCB and Ca®* release from IPs-sensitive stores
or activation of PKC (Krause and Pedarzani, 2000; Sim et al., 1992). Thus this thesis examined
whether slayp suppression was conveyed by other downstream effectors of Ga,, for example
through members of the family of small GTPases (section 1.4). It focuses on the involvement of
the small GTPase RhoA in the signalling pathway responsible for the inhibition of sl by

cholinergic and glutamatergic agonists and its association with Ga,.

3.1.1 The G-Protein a subunit Ga, interacts with the small GTPase RhoA

The hypothesized interaction of the G-protein a subunit Ga, and the small GTPase RhoA was
assessed by conducting co-immunoprecipitation experiments. G-proteins and small GTPases
cycle between GTP-bound (active) and GDP-bound (inactive) states and co-
immunoprecipitations were performed using active and inactive mutants as well as native Ga,
and RhoA (section 2.1.1 and Fig. 2.1). Native Gag, constitutively active Ga,-L209 and inactive
Go,-L209/N277 were transiently transfected into HEK293 or COS7 cells together with native
RhoA, constitutively active RhoA-V14 or inactive RhoA-N19, all three were Myc-tagged at the
amino terminus (section 2.1.1). Ga,, Go,-L209, Ga,-L209/N277, RhoA, RhoA-V14 and RhoA-
N19 transfected on their own served as controls as did untransfected HEK293 cells. Protein
expression was assessed by Western blotting using anti-Gag;, anti-Gaq and anti-Myc
antibodies and the detected bands at ~40 kDa for Gog and at ~23 kDa for Myc-tagged RhoA
matched their predicted molecular weights (Fig. 3.1A and B, middle and lower panels

(lysates)).
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Figure 3.1 G-Protein a subunit Ga, and constitutively active Ga,-L209 interact with the small
GTPase RhoA, constitutively active RhoA-V14 and inactive RhoA-N19. HEK293 cells (A) and COS7 cells
(B) were transiently transfected with the various RhoA and Go, constructs as indicated (section 2.1.1 for
construct details). Untransfected HEK293 cells were used as control (A, lane 1). Protein expression was
analysed by Western blotting (lysates (15 pg), middle and lower panels (A and B)) using anti-Gagq4, anti-
Ga, and anti-Myc (targeting Myc-tagged RhoA) antibodies at a dilution of 1:1000. For co-
immunoprecipitations (A and B, upper panels), 250 ug of the lysates were incubated with 1-2 ug anti-
Myc antibody (Millipore (A) or Santa Cruz (B)) and RhoA was immunoprecipitated (IP). Proteins were
separated on 12.5 % polyacrylamide gels, transferred to nitrocellulose membranes and immunoblotting
(IB) was performed using anti-Gog/; (A, upper panel) or anti-Gog (B, upper panel) antibodies at a
dilution of 1:1000. (A) Representative result, n=6. The vertical grey lines show where the digital image of
the blot was cut into sections in order to present the data of this experiment in two different figures. (B)
Experiments were performed by J. Pitcher and a different antibody (anti-Gag, Santa Cruz) and molecular
weight marker was used. The anti-Go, antibody generally resulted in high background signals and
because the two antibodies (anti-Myc and anti-Ga,, both Santa Cruz) were raised in the same species,
antibody chain bands (~50 kDa, upper panel) were detected. The star in the upper panels indicate co-
immunoprecipitated Ga,,.
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The small GTPase RhoA was immunoprecipitated using an anti-Myc antibody and co-
immunoprecipitation of Ga, was tested by probing with anti-Gog/, or anti-Ga, antibody (Fig.
3.1A and B, upper panels). Two different Ga, antibodies (anti-Ga,/;; and anti-Ga,; section
A.1.6) were tested in the co-immunoprecipitation experiments presented in this thesis. The
anti-Ga, antibody resulted in high background signals and thus the anti-Gag/;; antibody was
preferentially used. Co-immunoprecipitations of untransfected HEK293 cell lysates and lysates
transfected with the various constructs of RhoA or Ga, on their own did not result in the
detection of bands when probed with anti-Gag/,; antibody (Fig. 3.1A, upper panel, lanes 1-5)
or anti-Gog antibody (Fig. 3.1B, upper panel, lanes 1-5). In lysates expressing both proteins,
Ga, and constitutively active Ga,-L209 were able to associate with RhoA and constitutively
active RhoA-V14 as seen by the detection of bands at ~40 kDa (Fig. 3.1A, upper panel, lane 6—
9). Ga, and constitutively active Go,-L209 also interacted with inactive RhoA-N19 (Fig. 3.1B,
upper panel, lanes 9 and 11). Inactive Ga,-L209/N227 failed to associate with constitutively
active RhoA-V14 as well as with inactive RhoA-N19 (Fig. 3.1B, upper panel, lanes 7 and 10). It
was thus shown that, in a heterologous expression system, the G-protein a subunit Gay

interacts with the small GTPase RhoA and that this interaction relies on Ga, being active.

active inactive
RhoA RhoA-V14 RhoA-N19
Gag v / v
active Ga,4-L209 v v v
inactive Go,-L209/N277 X X
Table 3.1 Summary of Ga, and RhoA co-immunoprecipitations experiments. Co-

immunoprecipitations of the G-Protein a subunit Go, and the small GTPase RhoA have shown that Ga,
and constitutively active Ga,-L209 interact with RhoA, constitutively active RhoA-V14 and inactive RhoA-
N19, while inactive Go,,-L209/N277 binds neither constitutively active RhoA-V14 nor inactive RhoA-N19.

3.1.2 Constitutively active Ga,-L209 specifically binds constitutively active RhoA-
V14, but not other small GTPases
To test whether the interaction of the G-Protein a subunit Go, with the small GTPase RhoA
was specific, co-immunoprecipitations of constitutively active Go,-L209 with other small
GTPases were performed. COS7 cells were transiently transfected with constitutively active
Ga,-L209 on its own or together with RhoA-V14, Rac-V12, Cdc42-V12, RalA-L61 or Arf6-L67, all
of which were constitutively active mutants and Myc-tagged at the amino-terminus. Protein
expression was tested by Western blotting using anti-Gag; and anti-Myc antibodies and
bands were detected at ~40 kDa for Ga,-L209 and ~21 kDa for the small GTPases (Fig. 3.2,
middle and lower panels (lysates)). Small GTPases were immunoprecipitated using an anti-Myc

antibody and co-immunoprecipitation of Ga,-L209 was assessed by probing with an anti-Gay/11
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antibody. Ga,-L209 associated specifically with RhoA-V14 and bound none of the other small

GTPases tested (Fig. 3.2, upper panel, lane 3).
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Figure 3.2 Constitutively active Go,-L209 specifically interacts with constitutively active RhoA-

V14. COS7 cells were transiently transfected with constitutively active Ga,,-L209 and constitutively active
small GTPases as indicated. 15 pg of the lysates were used to test for protein expression by Western
blotting with anti-Gag/11 (middle panel) and anti-Myc (lower panel) antibodies at a dilution of 1:1000. To
immunoprecipitate (IP) Myc-tagged small GTPases 250 ug of the lysates were incubated with 1 pg anti-
Myc antibody (Santa Cruz), before being probed (IB) for associated Ga,-L209 using the anti-Gag/11
antibody (upper panel) at a dilution of 1:1000. Proteins were separated on 12.5 % polyacrylamide gels.
Antibody chain bands (~50 kDa, upper panel) were detected, as the two antibodies (anti-Myc and anti-
Gayg, both Santa Cruz) used in this co-immunoprecipitation experiment were raised in the same species.
The star indicates co-immunoprecipitated Ga,. Experiments were performed by J. Pitcher.

3.1.3 Constitutively active RhoA-V14 specifically interacts with constitutively active
Go,-L209 and constitutively active Ga;4-L205

Gay has been shown to specifically bind RhoA and this interaction led to the investigation of
whether RhoA can also associate with other Ga subunits. To perform these co-
immunoprecipitations COS7 cells were transiently transfected with constitutively active RhoA-
V14 and constitutively active, Glu Glu (EE) epitope-tagged Goa,-L209 (Fig. 2.1), Gay;-L209, Goys-
L205, Gays-L212, Gay,-L231 or Gays-L226. Expression of the proteins was assessed by Western

blotting using anti-Myc and anti-EE antibodies and bands of the expected molecular weights
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were detected (Fig. 3.3, middle and lower panels (lysates)). Constitutively active RhoA-V14 was
immunoprecipitated with anti-Myc antibody and its interaction with constitutively active
Ga,-L209 as well as constitutively active Gay4-L205 was determined after probing with an anti-

EE antibody (Fig. 3.3, upper panel, lane 3 and 7).
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Figure 3.3 Constitutively active RhoA-V14 interacts with constitutively active Go,-L209 and

constitutively active Ga;4,-L205. COS7 cells were transiently transfected with RhoA-V14 and Ga subunits
as indicated and Western blotting using anti-Myc and anti-EE antibodies at a dilution of 1:1000 assessed
the expression of the proteins (lysates (15 pg), middle and lower panels). To immunoprecipitate (IP)
Myc-tagged RhoA-V14 250 pg of the lysates were incubated with 1 ug anti-Myc antibody (Santa Cruz).
Associated Ga subunits were detected by probing (IB) with an anti-EE antibody at a dilution of 1:1000
(upper panel). Proteins were separated on 12.5 % polyacrylamide gels. Antibody chain bands (~50 kDa,
upper panel) were detected, as the two antibodies (anti-Myc and anti-Gag, both Santa Cruz) used in this
co-immunoprecipitation experiment were raised in the same species. The star indicates co-
immunoprecipitated Ga, and the arrow the correct molecular weight of Ga subunits (40 kDa).
Experiments were performed by J. Pitcher.

3.1.4 Investigating the interaction between G-protein a subunit Ga, and small
GTPase RhoA in rat brain lysates

Following the successful co-immunoprecipitation of G-Protein a subunit Ga, with the small
GTPase RhoA in a heterologous expression system, their interaction was studied in native

tissue. Lysates of rat brain were prepared and the presence of endogenous proteins was
90



assessed by Western blotting. Western blots of brain lysate were probed with anti-Gag1;
antibody and showed a band at ~40 kDa being similar to the band of Ga,-L209 expressed in
HEK293 cells and the known molecular weight of Ga, (Fig. 3.4A). The anti-RhoA antibody was
shown to detect RhoA expressed in HEK293 cells just like the anti-Myc antibody did (compare
Fig. 3.4B, right panel to Fig. 3.1A). When it was used to probe for endogenous RhoA in brain
lysates it detected a band at ~21 kDa corresponding with the molecular weight of RhoA (Fig.
3.4B, left panel). But, while endogenous Ga, was readily detected by the anti-Ga,/;; antibody,
the detection of RhoA with anti-RhoA antibody required the use of far greater amounts of

brain lysate (Fig. 3.4).
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Figure 3.4 Western blots of brain and HEK293 cell lysates using anti-Ga,/;; and anti-RhoA

antibodies. Cell lysates were separated on 12 % polyacrylamide gels, transferred to nitrocellulose
membranes and probed with either anti-Go/1; (A) or anti-RhoA antibodies (B). (A) 30 pg of brain lysate
and 15 pg of HEK293 cell lysate expressing Ga,-L209 were separated by SDS-PAGE and immunoblotting
was performed using anti-Gag/;;, antibody at a dilution of 1:500. (B) Western blots of RhoA used 110 pg
of brain lysate and 15 pg of HEK293 cell lysate expressing RhoA and were probed using anti-RhoA
antibody at a dilution of 1:200. Western blots are representative of at least three separate experiments.

Co-immunoprecipitations of endogenous Ga, and RhoA were performed by incubating brain
lysate with anti-RhoA antibody before probing for Ga, using the anti-Gag/;; antibody. No bands
were detected at ~40 kDa, indicating that Ga, was probably not associated with RhoA (data
not shown). Co-immunoprecipitations were repeated using anti-Gay/;; antibody to precipitate
Ga, and probing for bound RhoA with anti-RhoA antibody, but no band was detected at the
expected molecular weight of RhoA at ~21 kDa (data not shown). To test the effectiveness of
the anti-RhoA antibody in co-immunoprecipitation experiments, both versions of co-
immunoprecipitations described above for brain lysates were also performed with HEK293 cell
lysates co-expressing Gog and RhoA. Once more, no bands were detected at the expected
molecular weights in either experiment (data not shown). To test whether RhoA was
precipitated in the first place, immunoprecipitations of RhoA were probed with anti-RhoA

antibody and the absence of bands established that the anti-RhoA antibody could not
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immunoprecipitate RhoA (data not shown). Thus, due to the unavailability of an anti-RhoA
antibody with sufficient avidity, the interaction of the G-protein a subunit Gag and the small

GTPase RhoA shown in heterologous expression systems could not be verified in native tissue.

3.1.5 Expression and co-localisation of ECFP-tagged Ga, and Venus-tagged RhoA in
HEK293 cells

To study the interaction of the G-Protein a subunit Ga, and the small GTPase RhoA by FRET,
fluorescent fusion proteins were constructed. The choice for the generation of fluorescent
fusion proteins was based on our experience with CFP/YFP tags in FRET experiments
(Kerschensteiner et al., 2005) and on the fact that the anti-RhoA antibody was found to be too
insensitive in previous experiments. Ga, and RhoA were tagged with GFP variants and in the
case of Ga, several ECFP-tagged fusion proteins were constructed. The ECFP-tag was placed
either at the carboxyl-terminus of Ga, (Witherow et al., 2003) or between residues 124 and
125 in a loop of the a-helical domain (Fig. 1.6 and Fig. 2.1) (Hughes et al., 2001; Witherow et
al., 2003). The reason to insert ECFP into an internal loop of Ga, was due to reports of a
cytosolic localisation of the carboxyl-terminal tagged Ga, (Witherow et al., 2003). In addition
to the native Gay, fusion proteins, two constitutively active Ga, constructs containing the ECFP-
tag between residues 124 and 125 were constructed (Go,-ECFP-Go,-L209; section 2.2.13 and
Ga,-ECFP-Go,,-C183; Dowal et al., 2006).

RhoA contains a CAAX motif at the carboxyl-terminus, which is prenylated and the lipid
modification allows the small GTPase to anchor to the plasma membranes (Wennerberg and
Der, 2004). Given the importance of an intact carboxyl-terminus for the plasma membrane
localisation of RhoA (Adamson et al., 1992b; Robertson et al., 1995), the RhoA fusion protein
was constructed by inserting the fluorophore Venus, a YFP-derivative, between the Myc-tag
and the amino-terminus of RhoA (section 2.2.13). A constitutively active Venus-tagged RhoA
construct was not constructed, since the over-expression of active RhoA was expected to lead

to gross morphological changes like cell rounding and blebbing (Paterson et al., 1990).

To assess their expression and localisation the constructed Ga, and RhoA fusion-proteins were
transiently transfected into HEK293 cells. In addition to the confocal image, panels A-E of
Fig. 3.5 show a graph underneath plotting the fluorescence intensity along the line indicated in
the image. Carboxyl-terminal tagged Ga-ECFP was evenly distributed throughout the
cytoplasm of HEK293 cells, which can also be seen in the line plot (Fig. 3.5A). This cytosolic
localisation of Gog-ECFP resembles the distribution previously reported (Witherow et al.,
2003). Loop-tagged Ga,-ECFP-Ga, was localised almost exclusively at the cell membrane with

only limited expression in the cytoplasm, as clearly illustrated by the distribution plot
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(Fig. 3.5B). In contrast, the constitutively active Go,-ECFP-Ga,-L209 and Ga,-ECFP-Ga,-C183
were localised throughout the cytoplasm, even though they were both loop-tagged (Fig. 3.5C
and D). Thus the position of the ECFP-tag was not the only factor influencing the localisation of
Ga,. Any potential membrane signal in cells expressing Ga,-ECFP-Ga,-L209 or Go,-ECFP-Go-
C183 was not distinguishable from the expression in the cytoplasm. HEK293 cells expressing
Ga,-ECFP-Ga,-C183 displayed clusters of higher fluorescence intensity (Fig. 3.5D) that were
not observed in Ga,-ECFP-Ga,-L209 expressing cells (Fig. 3.5C). There was hardly any signal

above background noise in the nucleus in any of the ECFP-tagged Ga, transfected cells.

Gag-ECFP Gag-ECFP-Gaqg Gag-ECFP-Gag-L209

Gag-ECFP-Gag-C183 Venus-RhoA

Figure 3.5 Localisation of ECFP-tagged Go, and Venus-tagged RhoA in HEK293 cells. HEK293
cells were transfected with ECFP-tagged Ga, or Venus RhoA as indicated. Confocal images and line scans
of representative cells are shown. Carboxyl-terminal tagged Ga,-ECFP was distributed throughout the
cytoplasm (A), while the loop-tagged Go,-ECFP-Ga, was localised at the cell membrane (B). Both
constitutively active and loop-tagged Ga,, Go,-ECFP-Ga,-L1209 (C) and Go,-ECFP-Ga,-C183 (D), were
localised in the cytoplasm with no distinguishable membrane signal. Venus-RhoA was distributed
throughout the cytoplasm (E). The fluorescence intensity plots below the images represent line scans
through the cells along the indicated bars; the x-axis corresponds to 10 um and the y-axis represents
fluorescence intensity. Scale bars 10 um.
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HEK293 cells expressing Venus-RhoA showed a distribution throughout the cytoplasm with no
distinguishable signal at the cell membrane or expression in the nucleus, which is supported by
the line plot (Fig. 3.5E). This predominantly cytosolic expression of RhoA was reported
previously (Adamson et al., 1992b; Michaelson et al., 2001) and demonstrates that a Venus tag

at the amino-terminus does not interfere with the localisation of RhoA.

Confocal images of Gog and RhoA expressing HEK293 cells were also used to study the co-
distribution of their signals by performing co-localisation analysis. Co-localisation of ECFP-
tagged Go, and Venus-RhoA was assessed in HEK293 cells transiently transfected with Ga,-
ECFP, Ga,-ECFP-Gay,, Go,-ECFP-Ga,-L209 or Ga,-ECFP-Go,-C183 in combination with Venus-
RhoA. The distribution of the expressed fusion proteins was not influenced by the co-
transfection. Go,-ECFP was distributed throughout the cytoplasm (Fig. 3.6A) and Go,-ECFP-Ga,
displayed membrane localisation (Fig. 3.6D), while constitutively active Ga,-ECFP-Ga,-L209
(Fig. 3.6G) and Go,-ECFP-Ga,-C183 (Fig. 3.6J) localised in the cytoplasm. Expression of Venus-
RhoA was observed throughout the cytoplasm (Fig. 3.6B, E, H and K). Co-localisation of Ga,
and RhoA was analysed using the Just Another Co-localisation Plug-in (JACoP) and the intensity
correlation analysis plug-in in Imagel. Co-localisation was quantified by calculating the
Pearson’s coefficient (Manders et al., 1992), the overlap coefficient and Manders’ M1 and M2
coefficients (Manders et al., 1993) and the more recently developed ICQ (Li et al., 2004) (Table
3.2). Scatter plots (Fig. 3.6C, F, | and L) were used to study co-localisation graphically by
plotting the intensity value of a pixel in one channel against the intensity of the corresponding
pixel in the other channel. A pixel’s x-coordinate corresponds to its intensity value in channel A
(ECFP-tagged Gay), while its intensity value in channel B (Venus-RhoA) is used as the y-
coordinate. Complete co-localisation would be represented by a diagonal line, while exclusion
would result in a scatter plot displaying two distinct dot clouds along the x- and y-axes. Thus
while scatter plots can give some insight into the degree of co-localisation of two proteins,

only the use of co-localisation coefficients allow its quantification.

The Pearson’s coefficient uses the intensity values of the pixels in a dual-colour image, as
displayed in the scatter plot, to estimate the strength of their association. It ranges from -1 to
1, with -1 being complete negative correlation, 0 indicating absence of correlation and 1
complete positive correlation, while conclusions from mid-range values (-0.5 —0.5) cannot be
drawn. The scatter plots of Ga,-ECFP and Ga,-ECFP-Ga,-L209 with Venus-RhoA show dot
clouds that display a good percentage of co-localised pixels along the diagonal (Fig. 3.6C and I).
This observation was substantiated by a Pearson’s coefficient of 0.791 for Ga,-ECFP and
Venus-RhoA (Fig. 3.6A, B) and 0.725 for Go,-ECFP-Ga,-L209 and Venus-RhoA (Fig. 3.6G, H)

indicating strong correlation. The scatter plot of Ga,-ECFP-Go,-C183 with Venus-RhoA
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(Fig. 3.6L) implied a weaker correlation, which was confirmed by a Pearson’s coefficient of
0.578 (Fig. 3.6J, K). In cells expressing Gog,-ECFP-Ga, with Venus-RhoA (Fig. 3.6D, E) the
cytosolic signal of Venus-RhoA led to a dot cloud along the y-axis of the scatter plot (Fig. 3.6F)
and a weak Pearson’s coefficient of 0.470. Therefore analysis of these cells was restricted to a
membrane-only region, for which a ROl (membrane-only) was created in ImagelJ using the Ga,-
ECFP-Go, image as a template. In the scatter plot of the membrane region (Fig. 3.6f) the
deflection towards the y-axis was reduced displaying more co-localised pixels along the

diagonal and a Pearson’s coefficient of 0.778 indicated strong correlation (Fig. 3.6d, e).
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Figure 3.6 Co-localisation analysis of ECFP-tagged Ga, and Venus-tagged RhoA in HEK293 cells.
Representative confocal images of HEK293 cells co-transfected with Go,,-ECFP and Venus-RhoA (A, B),
Goay-ECFP-Gay and Venus-RhoA (D, E), Ga,-ECFP-Ga,-L209 and Venus-RhoA (G, H) or Ga,-ECFP-Ga,-C183
and Venus-RhoA (J, K) are shown. Cells expressing Go,-ECFP-Ga, and Venus-RhoA the membrane-only
region was analysed separately (d, e). Normalized scatter plots displaying the pixel intensity values of
both channels plotted against one another (C, F, | and L), representing a method of visualising the
degree of correlation between two proteins, in which a diagonal line would represent complete co-
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The Pearson’s coefficient provides information about the correlation of intensity values but
the degree of overlapping signals is more reliably described by the overlap coefficient. It is
based on Pearson’s coefficient but the mean intensities are removed from the equation
(section 2.2.11.4). The overlap coefficient ranges from 0 (no overlap) to 1 (complete co-
localisation) and therefore gives the percentage of overlapping pixels. However, results from
the overlap coefficient only provide valuable information when the number of objects in each
channel is equal (i.e. a channel A (ECFP-tagged Ga,):channel B (Venus-RhoA) ratio of one). The
overlap coefficient of Gog-ECFP with Venus-RhoA (Fig. 3.6A, B) was 0.814 indicating co-
localisation of the two proteins, in agreement with the results obtained from the Pearson’s
coefficient. However, the channel A:channel B ratio of 0.775 limited the validity of the
calculated overlap coefficient. The same was observed with other Ga, and RhoA combinations:
the overlap coefficient of Ga,-ECFP-Go, with Venus-RhoA was 0.521 (Fig. 3.6D, E; channel
A:channel B ratio of 0.739), of Ga,-ECFP-Ga,-L209 with Venus-RhoA 0.752 (Fig. 3.6G, H; ratio
0.662) and of Go,-ECFP-Ga,-C183 with Venus-RhoA 0.634 (Fig. 3.6J, K; ratio 0.801). Only the
analysis of the membrane-only ROI for Go,-ECFP-Ga, with Venus-RhoA resulted in an equal
channel A:channel B ratio (Fig. 3.6d, e; 0.938) and therefore allowed the use of the overlap
coefficient, which was 0.781 and supported the co-localisation indicated by Pearson’s

coefficient.

Manders’ coefficients M1 and M2, ranging from 0 (no overlap) to 1 (complete co-localisation),
quantify the proportion of signals in one channel that coincide with above zero intensity
signals in the second channel. Manders’ coefficients M1 and M2 are thus suitable for
quantifying co-localisation in images displaying unequal number of particles in the two
channels. The analysis of Ga,-ECFP with Venus-RhoA (Fig. 3.6A, B) resulted in M1 (the amount
of Ga, overlapping RhoA) and M2 (the amount of RhoA overlapping Gay) coefficients of 0.919
and 0.933 and thus indicated co-localisation of the two proteins. A similarly strong correlation
was observed for Go,-ECFP-Ga,-L209 with Venus-RhoA (Fig. 3.6G, H) with M1 and M2
coefficients of 0.895. On the other hand, the weaker correlation between Ga,-ECFP-Ga,-C183
and Venus-RhoA (Fig. 3.6J, K) was indicated by M1 and M2 coefficients of 0.718 and 0.662. M1
and M2 coefficients calculated for Ga,-ECFP-Go, with Venus-RhoA (Fig. 3.6D, E) were 0.790
and 0.704, while the analysis of its membrane-only ROI (Fig. 3.6d, e) produced M1 and M2
coefficients of 0.996 and 0.948 indicating almost complete co-localisation of both proteins at

the membrane.

The intensity correlation analysis is based on the assumption that if two proteins co-localise
their signal intensities would deviate from the mean intensity in synchrony, but would change

in opposite directions if they do not. In a dual-channel image the signal intensity of each pixel
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pair is tested for its deviation from the mean and the ICQ is calculated by dividing the number
of pairs, whose PDM was positive, by the total number of pixel pairs (section 2.2.11.4; Li et al.,
2004). 0.5 is subtracted from this value to produce an ICQ ranging from -0.5 to 0.5, with -0.5
corresponding to exclusion and 0.5 to co-localisation. Plotting the normalized channels’
intensity against the PDM produces a graph that allows the identification of co-localisation
(Fig. 3.7). Dots on the right side (x > 0) of the graph represent co-localisation, while pixels on
the left (x < 0) indicate exclusion (Fig. 3.7A). The ICQ of Ga,-ECFP with Venus-RhoA was 0.364
(Psign test< 0.001; the sign test was used to assess if PDM values were significantly different from
zero (Li et al., 2004)) and that of Ga,-ECFP-Ga,-L209 with Venus-RhoA was 0.302 (P,
west< 0.001), which corresponded with the strong correlation determined by the other co-
localisation coefficients and was also seen in the intensity correlation analysis graphs (Fig. 3.7B
and D). An ICQ of 0.265 (Pggn test< 0.001) was calculated for Ga,-ECFP-Ga,-C183 with Venus-
RhoA (Fig. 3.7E), which still indicates a strong covariance of the channels’ signal intensities and
thus co-localisation. Co-localisation was also determined in the case of Ga,-ECFP-Ga, with
Venus-RhoA (the calculated ICQ was 0.256 (P, test< 0.001); Fig. 3.7C), while the analysis of its
membrane-only ROI produced an ICQ of 0.090 (Psgn test< 0.001; Fig. 3.7c) indicating only

moderate covariance (Khanna et al., 2006).
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Figure 3.7 Co-localisation analysis of ECFP-tagged Ga, and Venus-tagged RhoA in HEK293 cells
using intensity correlation analysis. (A) The graph was adapted from Bolte and Cordelieres, 2006 and
gives details on how to interpret results obtained with the intensity correlation analysis. A dot cloud on
the positive side of the x-axis (x>0) signifies co-localisation, while pixels on the negative side (x<0) stand
for exclusion. The representations of (B) Gag-ECFP with Venus-RhoA, (D) Gag-ECFP-Ga,-L209 with
Venus-RhoA and (E) Ga,-ECFP-Go,-C183 with Venus-RhoA display the majority of pixels on the right side
of the x=0 line indicating the co-localisation of Ga, and RhoA. (C) Due to the localisation of the two
proteins (see Fig. 3.6D and E) the case of Ga,-ECFP-Ga, with Venus-RhoA is more complex. The pixel
cloud representing Ga-ECFP-Gay is situated mainly on the positive side of the x-axis, while the Venus-
RhoA cloud also displayed dots on the left side of the graph representing pixels that are not co-localised.
(c) The analysis of the membrane-only Ga,-ECFP-Go, with Venus-RhoA resulted in dot clouds being
concentrated around the centre of the graph with some deflection towards the positive side of the x-
axis.
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A summary of the co-localisation analysis is displayed in Table 3.2.

Pearson’s Manders’ Channel A: Manders’ Manders’ Intensity
Coefficient Overlap Channel B M1 M2 Correlation
Coefficient ratio Coefficient -  Coefficient - Quotient
ECFP Venus (IcQ)
Go-ECFP 0.791 0.814 0.775 0.919 0.933 0.364
+ Venus-RhoA +0.025 +0.025 +0.084 +0.016 +0.020 +0.024
Go,,-ECFP-Gay 0.470 0.521 0.739 0.790 0.704 0.256
+ Venus-RhoA +0.060 +0.045 +0.078 +0.056 +0.082 +0.028
Go-ECFP-Gay 0.778 0.781 0.938 0.996 0.948 0.090
+ Venus-RhoA +0.032 +0.031 +0.023 +0.003 +0.023 +0.015
(membrane-only)
Go-ECFP-Ga- 0.725 0.752 0.662 0.895 0.895 0.302
L209 +0.028 +0.026 +0.078 +0.047 +0.023 +0.026
+ Venus-RhoA
Go-ECFP-Gal- 0.578 0.634 0.801 0.718 0.662 0.265
Cc183 +0.044 +0.030 +0.046 +0.035 +0.021 +0.017
+ Venus-RhoA
Table 3.2 Quantitative analysis of the co-localisation of the G-protein a subunit Ga, and the

small GTPase RhoA in HEK293 cells. The expression of each ECFP-tagged Go, in combination with
Venus-RhoA was analysed for co-localisation by calculating the Pearson’s -, overlap -, Manders’ M1 and
M2 coefficients and the intensity correlation quotient using the JACoP and intensity correlation analysis
plug-ins in Imagel (section 2.2.11.4). For cells expressing Go,-ECFP-Ga, and Venus-RhoA a
membrane-only ROl was also analysed. Results from the overlap coefficient analysis are reported,
however, only Ga,-ECFP-Ga, and Venus-RhoA (membrane-only) displayed an equal number of particles
in both channels, while the ratio in all other cases was <0.800. Mean values + SEM are presented, n=5
(number of cells analysed from multiple transfections).

3.1.6 ECFP-tagged Go, interacts with Venus-tagged RhoA

Whether the fusion proteins ECFP-tagged Go, and Venus-tagged RhoA retained their ability to
interact was tested by co-immunoprecipitations. HEK293 cells were transiently transfected
with Ga,-ECFP-Gay or constitutively active Go,-ECFP-Ga,-L209 in combination with Venus-
RhoA, which was also Myc-tagged (section 2.1.1). Ga,-ECFP-Ga,, Ga,-ECFP-Ga,-L209 and
Venus-RhoA transfected on their own served as controls. Protein expression was assessed by
Western blotting using anti-Gay/;; and anti-Myc antibodies, which detected bands at the
expected molecular weights of ~67 kDa for Go,-ECFP-Ga, and Go,-ECFP-Go,-L209 (Fig. 3.8,
middle panel (lysates), lanes 3—6) and of ~49 kDa for Venus-RhoA (Fig. 3.8, lower panel
(lysates), lanes 2, 5 and 6). The detection of multiple bands in lysates expressing Venus-RhoA
(Fig. 3.8, lower panel (lysates), lanes 2, 5 and 6) was reduced by denaturing the protein at 95 °C
for 5 min (instead of 60 °C for 30 min), but continued to be observed especially in lysates co-
expressing Venus-RhoA and Go,-ECFP-Ga,-L209. Multiple bands were also detected in Go,-
ECFP-Ga,-L209 lysate and to a lesser extent in Ga,-ECFP-Gay, (Fig. 3.8, middle panel (lysates),
lanes 3-6), but were independent of denaturing conditions. Co-immunoprecipitations were

performed using an anti-Myc antibody to immunoprecipitate Venus-RhoA and Western blots
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were probed with anti-Gag; antibody. As expected, no bands were detected in
immunoprecipitations of lysates of untransfected HEK293 cells or lysates expressing Venus-
RhoA, Go,-ECFP-Ga, or Gag-ECFP-Ga,-L209 on their own (Fig. 3.8, upper panel, lanes 1-4).
Immunoprecipitations of lysates co-expressing both proteins showed that Go,-ECFP-Ga, and
Ga,-ECFP-Go,,-L209 were co-immunoprecipitated with Venus-RhoA (Fig. 3.8, upper panel,
lanes 5 and 6). This shows that the interaction between the G-Protein a subunit Ga, and the

small GTPase RhoA was not hindered by tagging the proteins with GFP variants.
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Figure 3.8 Ga,-ECFP-Ga,, and constitutively active Ga,-ECFP-Ga,-L209 interact with Venus-

RhoA. HEK293 cells were transiently transfected with Venus-tagged RhoA and ECFP-tagged Ga, as
indicated (see section 2.1.1 for construct details). Untransfected HEK293 cells were used as control (lane
1). Protein expression was analysed by Western blotting (lysates (15 pg), middle and lower panels) using
anti-Gog/q; and anti-Myc (targeting Myc-tagged RhoA) antibodies at a dilution of 1:1000. For co-
immunoprecipitations (upper panel), 250 ug of the lysates were incubated with 1-2 pg anti-Myc
antibody (Millipore (this presented experiment) or Santa Cruz) and Venus-RhoA was
immunoprecipitated (IP). Proteins were separated on 12.5% polyacrylamide gels, transferred to
nitrocellulose membranes and immunoblotting (IB) was performed using anti-Ga,/;; antibody at a
dilution of 1:1000. The vertical grey lines show where the digital image of the blot was cut into sections
in order to present the data of this experiment in two different figures. The star indicates co-
immunoprecipitated Ga, and the arrows specify the correct molecular weights of Ga,-ECFP-Go,, Goyg-
ECFP-Ga4-L209, and Venus-RhoA. Representative result, n=6.
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3.1.7 Assessment of the interaction between ECFP-tagged Goa, and Venus-RhoA in
HEK293 cells using FRET

Results from the co-localisation studies and co-immunoprecipitation experiments indicate an
interaction between the small GTPase RhoA and the G-protein a subunit Ga, potentially
involving them in a common signalling pathway leading to the suppression of slaup. In order to
obtain an additional line of evidence to support this interaction, FRET experiments were
performed. FRET occurs only when donor and acceptor fluorophores are located in close
proximity (<10 nm), thus operating over a distance the size of proteins. The detection of a FRET
signal is considered equivalent to direct protein interaction. FRET is the non-radiative transfer
of energy from a donor fluorophore to an acceptor fluorophore such that excitation of a donor
fluorophore leads to the emission of acceptor fluorescence. For FRET to occur certain
requirements must be met. First the emission spectrum of the donor must overlap with the
absorption spectrum of the acceptor, secondly the fluorophore dipoles have to be orientated
parallel to one another and thirdly donor and acceptor must be no more than 10 nm apart
(Vogel et al., 2006). Acceptor photobleaching is a widely accepted method to measure FRET,
and examines the donor fluorescence before and after bleaching of the acceptor using
conventional confocal microscopy without the need for additional equipment (fluorescence
lifetime imaging microscopy (FLIM)-FRET) or extensive controls to account for potential cross-
talk and image processing (Sensitized Emission). In acceptor photobleaching FRET is present
when the donor fluorophore shows an increase in fluorescence upon the destruction of the
acceptor fluorophore (de-quenching), since the donor-acceptor energy transfer can no longer

take place.

First the acquisition settings of the confocal microscope were established to ensure that ECFP-
tagged Ga, and Venus-RhoA were properly visible and to prevent potential cross-talk between
the two channels. HEK293 cells were either transfected with Ga,-ECFP-Gay (Fig. 3.9A and B) or
Venus-RhoA on their own (Fig. 3.9C and D) or together (Fig. 3.9E and F) and images were
acquired using the same laser levels and photomultiplier tube (PMT) settings used during FRET
experiments. In the CFP channel, CFP was excited with the 458 nm laser line and the PMT set
to collect CFP emission between 462-500 nm, while the YFP channel uses the 514 nm laser line
to excite of YFP/Venus with the PMT being set to 520-600 nm (section 2.2.11.2 and A.1.3).
With these settings the chance of cross-talk was minimized, because the slight excitation of
Venus/YFP by the 458 nm laser line (< 10 % of peak excitation efficiency) is minimally collected
(<5 %) by the CFP PMT and the excitation of CFP by the 514 nm laser line is low (< 1 %) in the
first place (Karpova et al., 2003). Cells expressing Ga,-ECFP-Ga, alone were visible in the CFP

channel (Fig. 3.9A), but not in the YFP channel (Fig. 3.9B). On the other hand Venus-RhoA was
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only detected in the YFP channel, but not in the CFP channel (Fig. 3.9C and D). HEK293 cells

expressing both proteins were clearly visible in both channels (Fig. 3.9E and F).

CFP channel YFP channel

.

Figure 3.9 Confocal imaging configurations used for FRET experiments prevent cross-talk
between Ga,-ECFP-Ga, and Venus-RhoA. HEK293 cells were transfected with Ga,-ECFP-Gay (A and B),
with Venus-RhoA (C and D) or were co-transfected with both constructs (E and F). Confocal images were

Gaqg-ECFP-Gaq

Venus-RhoA

Gaqg-ECFP-Gagq
+ Venus-RhoA

acquired using the same settings and protocol as for FRET experiments. Cells expressing only Ga,-ECFP-
Gay, are visible in the CFP channel (A) without any cross-talk in the YFP channel (B). The same was true
for Venus-RhoA expressing cells, which were visible in the YFP channel (D), but not in the CFP channel
(C). Cells expressing Ga,-ECFP-Go as well as Venus-RhoA were detected in both channels (E and F).
Scale bars 10 um.

Control FRET experiments were performed in HEK293 cells transfected with a CFP-YFP dimer
(section 2.1.1). The dimer was constructed by inserting enhanced YFP (EYFP) into pECFP-N1
using the Xhol and BamHI sites of the multiple cloning site, yielding a CFP-YFP fusion protein
(Benians et al., 2005). FRET experiments were carried out using Leica’s LAS AF software
acceptor photobleaching wizard (section 2.2.11.2). Sequential scans of CFP (donor) and YFP

(acceptor) were acquired before the acceptor was bleached by repeated scans with increased
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laser power at 514 nm. The bleaching phase was followed by a second sequential scan of CFP
and YFP. Confocal images of a HEK293 cell expressing the CFP-YFP dimer are presented before
and after photobleaching (Fig. 3.10A). Acceptor photobleaching was performed in the area
indicated by the square (Fig. 3.10A, upper right panel) and the destruction of the YFP
fluorophore was demonstrated by plotting YFP fluorescence intensity against bleaching steps
(Fig. 3.10B). YFP fluorescence intensity was plotted as percentage left with 100 %
corresponding to the intensity measured at the first bleaching step. Mean acceptor
fluorescence after photobleaching was 9.8 £1.1 %. To calculate FRET efficiencies CFP
fluorescence intensities in before and after photobleaching images were measured in three
cytosolic ROIs in each cell; the average of which accounted for a cell’s overall FRET efficiency.
The detected FRET of the CFP-YFP fusion protein expressed in HEK293 cells amounted to
E=21.0 + 1.4 %, n=20 (Fig. 3.10C).
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Figure 3.10 FRET in CFP-YFP dimer expressing HEK293 cells. As control, HEK293 cells were

transfected with CFP-YFP and FRET was assessed by performing acceptor photobleaching experiments.
(A) Confocal images of a representative cell expressing YFP (upper panels) and CFP (lower panels) before
and after photobleaching. Acceptor photobleaching was carried out in the area of the cell indicated by
the square. Scale bar 10 um. (B) Bleaching of the acceptor was achieved by repeatedly scanning the
defined area with high laser power at 514 nm. Plotting the YFP fluorescence intensity of this area against
the bleaching steps illustrates the destruction of the YFP fluorophores. (C) FRET efficiency (E) was
calculated using the CFP fluorescence intensities, measured in three cytosolic regions of interest in each
cell, before (Ipa) and after (Ip) acceptor photobleaching according to the following formula: E = 1- (Ipa/lp)
(section 2.2.11.2). FRET detected with the CFP-YFP dimer was E=21.0+ 1.4 %, n=20 (number of cells
analysed from multiple transfections). Mean values + SEM are presented.

Interaction between ECFP-tagged Ga, and Venus-RhoA was examined using the FRET acceptor
photobleaching method tested on the CFP-YFP dimer control. HEK293 cells were transfected

with Ga,-ECFP, constitutively active Ga,-ECFP-Go,-L209 or constitutively active Go,-ECFP-Goy-
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C183 in combination with Venus-RhoA. Confocal images of ECFP-tagged Go, and Venus-RhoA
before and after photobleaching were acquired (Fig. 3.11A, C and E) and the indicated area of
the cells was repeatedly scanned to bleach the acceptor fluorophore Venus (Fig. 3.11B, D and
F). The application used to perform acceptor photobleaching experiments did not allow for any
intervention during the acquisition process and therefore the number of bleaching steps had
to be estimated at the start of an experiment. Bleaching iterations varied from 7—20 and mean
acceptor fluorescence after bleaching amounted to 10.7 + 2.6 % for cells co-expressing Go,-
ECFP and Venus-RhoA (Fig. 3.11A), 27.0 £ 6.0 % for Ga,-ECFP-Ga,-L209 with Venus-RhoA (Fig.
3.11C) and 11.6 + 4.8 % for Ga,-ECFP-Ga,-C183 with Venus RhoA (Fig. 3.11E). FRET efficiencies
were calculated from the ECFP fluorescence intensities measured from three cytosolic ROIs per
cell in the before and after photobleaching images. In HEK293 cells expressing Ga,-ECFP with
Venus-RhoA a FRET efficiency of E=8.2+1.2%, n=14 was calculated (Fig. 3.11G). Cells
expressing the constitutively active Go,-ECFP-Ga,-L209 with Venus-RhoA had a FRET efficiency
of E=4.0+2.2 %, n=5 (Fig. 3.11G). The FRET efficiency determined for the constitutively active
Ga,-ECFP-Go,,-C183 with Venus-RhoA was E = 9.2 + 3.0 %, n=5 (Fig. 3.11G).

FRET experiments with ECFP-tagged Ga, variants and Venus-RhoA repeatedly resulted in
negative FRET efficiencies (36 % of Ga,-ECFP, 55 % of Go,-ECFP-Ga,-L209 and 62 % of Gag-
ECFP-Ga,-C183 in combination with Venus-RhoA transfected cells) and were excluded from
the analysis. Negative FRET efficiencies occur when the donor’s fluorescence intensity before
acceptor photobleaching is greater than after, which could be caused by the bleaching of the
donor itself during image acquisition or by the cross-excitation of ECFP with the 514 nm laser
line (Karpova et al., 2003). What exactly caused this CFP bleaching effect could not be
determined and was also observed in cells expressing Ga,-ECFP-Go, alone (donor only;
E=-6.0+3.2%, n=3). Acceptor photobleaching experiments performed under the same
conditions and on the same day could produce positive (53 % of cells) as well as negative (47 %
of cells) FRET efficiencies. Furthermore, a potential effect of the number of bleaching
iterations on FRET efficiency was rejected, since there was overall no correlation between
these and the occurrence of negative FRET efficiencies (r’=0.16). It was therefore assumed that
CFP bleaching was possible in any experiment and the introduced error to the FRET efficiency

calculation was similar.
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Figure 3.11 FRET between ECFP-tagged Ga, variants and Venus-RhoA. HEK293 cells were co-
transfected with Gag-ECFP and Venus-RhoA (A), constitutively active Ga,-ECFP-Ga,,-L209 and Venus-
RhoA (C) or constitutively active Ga,-ECFP-Ga,-C183 and Venus-RhoA (E) and acceptor photobleaching
experiments were performed to determine FRET. (A, C and E) Confocal images of representative cells
display Venus-RhoA (upper panels) and ECFP-tagged Ga, (lower panels) before and after acceptor
photobleaching. The area of the cell that was bleached is indicated by the square in the Venus-RhoA
after photobleaching images (A, C and E, upper right panels). Scale bars 10 um. (B, D and F) For the cells
shown in A, C and E the destruction of the acceptor fluorophores by bleaching was documented by
plotting Venus fluorescence intensities against the bleaching iterations. (G) ECFP fluorescence intensities
in before and after photobleaching images were measured in three cytosolic regions of interest in each
cell and used to calculate FRET efficiency (E) (section 2.2.11.2). In cells expressing Ga,,-ECFP and Venus-
RhoA the calculated FRET efficiency was E=8.2 £ 1.2 %, n=14, in Go,-ECFP-Ga,-L209 and Venus-RhoA
expressing cells it amounted to E=4.0+2.2%, n=5 and in Ga,-ECFP-Go,-C183 and Venus-RhoA
expressing cells to E=9.2 +3.0%, n=5. Only cells that displayed positive FRET efficiency values were
included in the analysis. n numbers refer to the number of cells analysed from multiple transfections
and mean values + SEM are presented.
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The FRET results so far indicate that there is an interaction between the G-protein a subunit
Ga, and small GTPase RhoA, although the efficiency values obtained were considerably lower
than the ones determined for the optimised CFP-YFP control. In order to assess the effect of
Ga, localisation on FRET efficiencies, the acceptor photobleaching experiments were repeated
with HEK293 cells expressing Ga,-ECFP-Go, and Venus-RhoA (Fig. 3.12A), which were shown to
co-localise at the membrane. Repeated scans using the 514 nm laser line destroyed the Venus
fluorophores (Fig. 3.12A and B; mean acceptor fluorescence after photobleaching was
8.4 £ 1.5 %) and the FRET efficiency detected was E=7.1+1.2%, n=18 (Fig. 3.12E; excluding
44 % of the cells because of negative FRET efficiency values). This FRET value was in a similar
range as those observed with the previous ECFP-tagged Ga, constructs. In a separate set of
experiments, co-expression of mMAChR M3 with Ga,-ECFP-Ga, and Venus-RhoA (Fig. 3.12C) and
CCh application (10 uM) to activate the Ga, signalling cascade, led to a comparable FRET
efficiency of E=10.1 + 2.4 %, n=5 (Fig. 3.12E; excluding 38 % of the cells). CCh was applied to
the cells to stimulate the M; receptor and thereby activating Ga, before cells were prepared
for microscopy and acceptor photobleaching experiments carried out as described (Fig. 3.12C
and D, mean acceptor fluorescence after photobleaching was 5.5%1.0%).
Immunocytochemistry experiments using an anti-HA antibody showed that the M; receptor
was predominantly located at the membrane with only limited expression in the cytoplasm,
which can also be seen in the distribution plot (Fig. 3.12F). Expression of Venus-RhoA and Go,-
ECFP-Ga, was not influenced by the co-transfection of the Mj; receptor (compare Fig. 3.12C to

Fig. 3.12A).

The FRET efficiency values determined between the different ECFP-tagged Ga, and Venus-
RhoA indicated an interaction of the two proteins, which supports the observations made in

co-localisation and co-immunoprecipitation experiments.
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Figure 3.12 FRET between Ga,-ECFP-Ga, and Venus-RhoA without and with the stimulation of
the mAChR M;. HEK293 cells were co-transfected with Ga,-ECFP-Gag and Venus-RhoA (A) or with Gay-
ECFP-Go,, Venus-RhoA and Mj; receptor (C). FRET acceptor photobleaching experiments were
performed and confocal images of Venus-RhoA (A and C, upper panels) and Ga,-ECFP-Gay (A and C,
lower panels) before and after photobleaching were acquired. (B and D) The process of acceptor
bleaching of the area indicated in the cells shown in A and C was document by plotting Venus
fluorophore intensity against the bleaching steps. (E) ECFP fluorescence intensities measurements in
three membrane regions of interest in each cell were taken in before and after photobleaching images
and used to calculate FRET efficiency (E) (section 2.2.11.2). Only cells, which displayed positive FRET
efficiencies, were included in the analysis. FRET detected in cells expressing Go,,-ECFP-Gag with Venus-
RhoA was E=7.1+1.2 %, n=18. In cells that also expressed the mAChR M; and which were stimulated
with CCh (10 uM) FRET between Ga,-ECFP-Go, and Venus-RhoA was E=10.1%+2.4%, n=5. These
efficiencies were not significantly different (P=0.39, unpaired t-test). n numbers refer to the number of
cells analysed from multiple transfections and mean values + SEM are presented. (F) Expression of M3
was studied by immunocytochemistry using an anti-HA antibody (1:100) and a Cy5 secondary antibody
(1:600). It was predominantly expressed at the membrane showing only limited expression in the
cytoplasm. The plot below the image represents fluorescence intensity along the indicated line with the
x-axis representing 10 um and the y-axis fluorescence intensity. Scale bars 10 um.
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3.1.8 Binding assays between in vitro translated constitutively active Ga,,-L209 and
purified constitutively active GST-RhoA-V14

The co-immunoprecipitation experiments indicate the formation of a complex between two or
more proteins. However, a potential direct interaction between the G-protein a subunit Ga,
and the small GTPase RhoA can be investigated with a binding assay, in which only the proteins
of interest are present. In vitro translated constitutively active Ga,-L209 (section 2.2.9.1) was
used in pull-down experiments together with purified constitutively active GST-RhoA-V14
(section 2.2.7). The fusion protein GST-RhoA-V14 purified from bacterial lysate was incubated
with [**S] methionine-labelled Ga,-L209. In vitro translated Ga,-L209 was pulled down by GST-
RhoA-V14 (Fig. 3.13A, ~40 kDa), suggesting a direct interaction of the two proteins. Rhophilin,
a known binding partner of RhoA (Watanabe et al., 1996), was used as a positive control and
was also pulled down by GST-RhoA-V14 (Fig. 3.13B, ~76 kDa), whereas no bands were
observed in the absence of in vitro translated product (Fig. 3.13C). In all cases unspecific
binding was tested by incubating GST beads with in vitro translated product. Input lanes of in
vitro translated Ga,-L209 and rhophilin showed bands of the expected molecular weights,
~40 kDa and ~76 kDa (Fig. 3.13A and B, input) and no bands were detected in the input lane of
the control (no DNA) sample (Fig. 3.13C).
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Figure 3.13 In vitro translated rhophilin and constitutively active Ga,-L209 bind directly to

purified constitutively active GST-RhoA-V14. GST and GST-RhoA-V14 were purified and used to perform
pull-down assays with in vitro translated [3551 methionine-labelled control (no DNA), rhophilin and Go,-
L209. 10 pg of GST and GST-Rho-V14 beads were incubated with 20 pl of in vitro translated product.
Binding assay samples and 1 pl of each in vitro translated product (input) were separated on an 11 %
polyacrylamide gel, which was dried before autoradiography. (A) Go, was in vitro translated (~40 kDa,
input) and pulled down by GST-Rho-V14 but not by GST. Under these conditions the binding assay was
performed once. (B) In vitro translated rhophilin, band at ~76 kDa (input) was pulled-down by GST-
RhoA-V14 and also slightly by GST. The second band, at ~38 kDa, visible in the input as well as GST-
RhoA-V14 binding assay lane was repeatedly observed. Rhophilin, but not Ga,-L209, pull-downs with
GST-RhoA-V14 were also observed in two other experiments, in which conditions varied as to the type
of buffer and to the amount of in vitro translated product and beads used. (C) Assays performed in the
absence of in vitro translated product did not show any bands in pull-down assay with GST-RhoA-V14
beads; a faint unspecific band at ~38 kDa was visible with GST.
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3.1.9 Summary

The results of co-localisation, co-immunoprecipitation, FRET and binding assays have shown
that the small GTPase RhoA is a binding partner of the G-protein a subunit Ga, and could
therefore be part of a common signalling pathway that mediates the suppression of slap Uupon
stimulation of GPCRs by cholinergic and glutamatergic agonists. In a heterologous expression
system RhoA, the constitutively active RhoA-V14 and the inactive RhoA-N19 were co-
immunoprecipitated with Gog and constitutively active Ga,. This co-immunoprecipitation of
Ga, and RhoA was not hindered by the attachment of the fluorophore tags, ECFP and Venus.
An interaction of endogenous Ga, and RhoA in co-immunoprecipitation experiments using
brain lysate could not be shown. A strong correlation between Venus-RhoA and the carboxyl-
terminal tagged Ga,-ECFP, the constitutively active, loop-tagged Go,-ECFP-Ga,-L209 and, at
membrane level, also for Go,-ECFP-Ga, was shown by co-localisation analysis. Complex
formation of the G-Protein a subunit Go, and the small GTPase RhoA was also shown by FRET

and binding assays.
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3.2 Purification of mutant RhoA proteins and their intracellular application
into hippocampal neurons
The involvement of the small GTPase RhoA in the signalling pathways mediating the
cholinergic and glutamatergic suppression of sl has been hypothesized from experiments
showing the reduced inhibitory effect of the agonists CCh and DHPG following the intracellular
application of RhoA inhibitors (section 1.4). The ability to purify RhoA proteins allows for the
introduction of RhoA mutants, constitutively active RhoA-V14 and inactive RhoA-N19, directly
into the neuron via a patch pipette. Electrophysiological recordings of slaye can therefore be
performed under the influence of intracellularly applied mutant RhoA proteins. This approach
has been used before for small GTPases in heterologous expression system (Storey et al., 2002)
and should, in case of Rho-N19 being introduced into the neuron, lead to a reduced
suppression of sl by cholinergic and glutamatergic agonists. In contrast, the introduction of
RhoA-V14 should lead to the inhibition of slyye without the application of cholinergic and

glutamatergic agonists.

3.2.1 Purification of the fusion proteins GST-RhoA-V14 and GST-RhoA-N19 and the
protolytic release of the small GTPases

The RhoA mutants, constitutively active RhoA-V14 and inactive RhoA-N19, were purified from
bacterial lysates as recombinant GST fusion proteins using glutathione agarose beads (Fig.
3.14A and section 2.2.7). Expression of GST-RhoA-V14 and GST-RhoA-N19 proteins was visible
by the additional band at ~47 kDa in the post-induction lanes compared to pre-induction lanes
(Fig. 3.14B, indicated by black arrow head). Bacteria were harvested, lysed and the
supernatants containing the GST fusion proteins (Fig. 3.14B) were incubated with glutathione
agarose beads. Beads were pelleted and the amount of bound GST-RhoA-V14 or GST-RhoA-
N19 protein was estimated by comparison with a BSA standard on a polyacrylamide gel (Fig.
3.14B). In addition GST was bound to glutathione beads and used as control in subsequent
binding assays (section 2.2.8). Bound GST protein was detected in the Coomassie stained

polyacrylamide gel (Fig. 3.14C).
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Figure 3.14 Purification of GST-RhoA-V14 and GST-RhoA-N19 fusion proteins. (A) Flow diagram of

the steps leading to the purification of GST-RhoA-V14 and GST-RhoA-N19 proteins and details of the
construct. (B) Samples taken at the various stages of the purification process were separated by SDS-
PAGE and the gels were analysed by Coomassie staining. 10 pl of pre-induction, post-induction and
supernatant samples and 2 pl of GST-RhoA-V14 and GST-RhoA-N19 beads samples alongside a BSA
standard (1 ug) were separated on a 15 % polyacrylamide gel. Expressed GST-RhoA-V14 and GST-RhoA-
N19 proteins, at ~47 kDa, are indicated by the black arrow head. The Coomassie stained gel
documenting the protein purification process is a representative and was run for every purification
batch. (C) GST protein was bound to glutathione agarose beads and used as control in the binding assay
experiments. 10 pl of GST beads sample was separated on a 12 % polyacrylamide gel and stained with
Coomassie. Control GST beads were examined by Coomassie stain once.
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For use in electrophysiological experiments, the purified RhoA proteins were cleaved off the
glutathione agarose beads. This was achieved by incubating GST-RhoA-V14 and GST-RhoA-N19
beads with PreScission protease, which cleaves the RhoA proteins at its recognition site leaving
the GST-tag bound to the glutathione agarose beads (Fig. 3.15A). Cleaved RhoA protein was
observed at ~25 kDa (Fig. 3.15B, indicated by the black arrow). A sample of the beads after
cleaving was also analysed and three bands were detected: the ~47 kDa band corresponding to
uncleaved GST-RhoA-V14 beads (Fig. 3.15B, indicated by the black arrow head), the middle
band at ~30 kDa represents GST protein (Fig. 3.15B, indicated by the grey arrow) and the
~25 kDa band matching cleaved RhoA-V14 protein (Fig. 3.15B, indicated by the black arrow).
Purified and cleaved RhoA protein was also examined by Western blotting using anti-RhoA

antibody and the detected band demonstrated that RhoA was purified (Fig. 3.15C).
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Figure 3.15 Purification and protolytic release of RhoA-V14 and RhoA-N19 proteins. (A) Flow

diagram illustrating the cleaving of purified RhoA off the beads using PreScission protease. (B) Samples
taken at the various stages of the purification process were separated by SDS-PAGE and the gels were
analysed by Coomassie staining. 10 ul of pre-induction, post-induction and supernatant samples, 2 ul of
GST-RhoA-V14 beads sample, 2 pl cleaved RhoA-V14 and 2 ul of beads after cleaving samples were
separated on a 15 % polyacrylamide gel, which was stained with Coomassie. GST-RhoA-V14 is indicated
by the black arrow head. Cleaved RhoA-V14 is indicated by the black arrow, while the band
corresponding to GST protein in the beads after cleaving lane is indicated by the grey arrow. Coomassie
stained gel documenting the protein purification and cleaving process is a representative and was run
for every purification batch. The same procedure was performed for RhoA-N19. (C) 0.6 ug of cleaved
RhoA-V14 protein was run on a 15 % polyacrylamide gel and Western blotting was performed using anti-
RhoA antibody at a dilution of 1:500. Western blotting of cleaved RhoA-V14 was performed once.
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3.2.2 Purified mutant GST-RhoA fusion proteins bind to rhophilin and constitutively
active Go,-L209

Whether purified mutant RhoA proteins retained their binding ability was tested by
performing pull-down assays with the known RhoA binding partner rhophilin and also with
constitutively active Ga,-L209. Binding assays of purified mutant RhoA with Ga, would also
verify results obtained in co-immunoprecipitation experiments. Purified mutant GST-RhoA
protein used for the pull-down assays was firstly examined by Western blotting and a band at
~47 kDa was detected matching the expected molecular weight of the GST-RhoA fusion
protein (Fig. 3.16C). Pull-down experiments were performed by incubating purified GST-RhoA-
V14 and GST-RhoA-N19 bound to glutathione agarose beads as well as control GST beads with
HEK293 lysate expressing Myc-rhophilin or the constitutively active Ga,-L209. The detected
bands at ~76 kDa showed that GST-RhoA-V14 as well as GST-RhoA-N19 pulled-down Myc-
rhophilin (Fig. 3.16A). Pull-down assays were also performed with Ga,, and GST-RhoA-V14 as
well as GST-RhoA-N19 were able to bind Ga,-L209 as shown by the bands at ~40 kDa (Fig.
3.16B). These results are consistent with the co-immunoprecipitation experiments that

reported the ability of constitutively active Ga,-L209 to bind RhoA-V14 as well as with RhoA-

N19 (Fig. 3.1).
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Figure 3.16 Purified GST-RhoA-V14 and GST-RhoA-N19 bind rhophilin and Ga,-L209. GST-RhoA-

V14, GST-RhoA-N19 and control GST beads were incubated with HEK293 lysate expressing Myc-rhophilin
or Go,-L209. Samples were subjected to SDS-PAGE, transferred to nitrocellulose membranes and
analysed by Western blotting. (A) 25 pg Myc-rhophilin lysate was incubated with 40 ug GST-RhoA-V14
and GST-RhoA-N19 beads as well as with 25 ug control GST beads. The pull-down assay samples
alongside a 10 pg Myc-rhophilin lysate control were separated on 10 % polyacrylamide gels. Western
blotting was performed using anti-myc antibody at a dilution of 1:400. (B) 50 pg Ga,-L209 lysate were
incubated with 40 pg GST-RhoA-V14 and GST-RhoA-N19 beads as well as with 25 pg control GST beads
and the samples, alongside a 2.5 ug Ga, lysate control, were separated on 10 % polyacrylamide gels.
Western blotting was performed using anti-Gag/;; antibody at a dilution of 1:500. (C) GST-RhoA-V14 was
examined by reprobing the membrane of a pull-down experiment, like (A) or (B), using anti-RhoA
antibody at a dilution of 1:1000. The grey line indicates a discontinuity of the blot, because for this
figure lanes were left out. Western blots of pull-down assays are representative of at least three
separate experiments. Western blotting of GST-RhoA-V14 was performed once.
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Having shown the ability of purified GST-RhoA-V14 and GST-RhoA-N19 to bind to Ga,-L209
expressed in HEK293 lysates, pull-down assays were repeated using endogenous Ga, from
brain lysates. Membranes were probed with anti-Gag/q; antibody to detect any associated Ga,,
Ga, bands at ~40 kDa were detected in both GST-RhoA-V14 and GST-RhoA-N19 binding assays
(Fig. 3.17, indicated by the black arrow). However, the detected bands were very faint and
experiments using more lysate (up to 1500 pg) did not result in stronger signals. Although
detection in these pull-down experiments was weak, purified mutant GST-RhoA proteins seem

to be able to interact with endogenous Ga,,
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Figure 3.17 Pull-down experiments of endogenous Ga, using purified GST-RhoA-V14 and GST-

RhoA-N19 protein. 25 ug control GST beads and 40 pg GST-RhoA-V14 and GST-RhoA-N19 were
incubated with 700 pg brain lysate (P2 fraction). Samples, alongside 100 pg brain lysate and 25 ug Ga,-
L209 HEK293 cell lysate controls, were separated on a 12 % polyacrylamide gel, transferred to
nitrocellulose membrane and analysed by Western blotting using anti-Gag/;; antibody at a dilution of
1:500. Under this condition (700 pg brain lysate) the binding assay was performed only once, but was
repeated using different amounts of brain lysates (250—1500 ug), which also resulted in very faint bands.

3.2.3 Purified constitutively active RhoA-V14, but not inactive RhoA-N19, causes
stress fibre formation in Swiss-3T3 cells

Before being used in electrophysiology studies, the biological activity of the purified and
cleaved mutant RhoA proteins, constitutively active RhoA-V14 and inactive RhoA-N19, was
tested by assessing their ability to affect the actin cytoskeleton structure within the cell. RhoA,
together with other small GTPases like Rac and Cdc42, is known to be a regulator of the actin
cytoskeleton (section 1.4) and microinjection of constitutively active RhoA-V14 has been
shown to stimulate the formation of stress fibres in serum-starved Swiss-3T3 cells (Ridley and
Hall, 1992). Thus this system was used to test the purified mutant RhoA proteins; RhoA-V14
injected cells should show an increase in stress fibres, whereas RhoA-N19 injected cells should

not differ from control cells. The concept of stress fibre formation induced by RhoA-V14 was
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first tested by transfecting RhoA-V14 into Swiss-3T3 cells, which were serum-starved since
they contain stress fibres in the presence of serum. Monomeric red fluorescent protein (mRFP)
was co-transfected with RhoA-V14 to be able to identify transfected cells. Alexa Fluor 488
phalloidin was used to label actin and transfected cells displayed abundant stress fibres
compared to untransfected cells (Fig. 3.18A). Like untransfected cells, serum-starved Swiss-3T3
cells that underwent mock transfection did not show the formation of stress fibres (compare

Fig. 3.18A and Fig. 3.18B).
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Figure 3.18 Transfection of constitutively active RhoA-V14 induces stress fibre formation in

Swiss-3T3 cells. (A) Representative images of serum-starved Swiss-3T3 cells, which were co-transfected
with RhoA-V14 and monomeric red fluorescent protein. Actin was visualized by labelling the cells with
Alexa Fluor 488 phalloidin (0.25 U) and monomeric red fluorescent protein was used to identify
transfected cells. (B) Mock transfected serum-starved Swiss-3T3 cells were labelled with Alexa Fluor 488
phalloidin (0.25 U). Scale bars 20 um.

Transfecting constitutively active RhoA-V14 successfully induced stress fibre assembly in Swiss-
3T3 cells, an effect that was subsequently assessed by the microinjection of purified and
cleaved constitutively active RhoA-V14 or inactive RhoA-N19 protein into serum-starved Swiss-
3T3 cells. To identify microinjected cells TRITC was injected together with the RhoA proteins,
while TRITC microinjected on its own served as control. Purified RhoA proteins were
microinjected (section 2.2.2.2) in two concentrations, 0.15 pg/pl and 0.3 pg/ul, and in both
cases constitutively active RhoA-V14 induced the formation of stress fibres, while inactive
RhoA-N19 injected cells did not differ from control cells (Fig. 3.19). Actin was stained with
Alexa Fluor 488 phalloidin and control (Fig. 3.19A and D) and RhoA-N19 (Fig. 3.19B and E)

injected cells contained less stress fibres than RhoA-V14 injected cells (Fig. 3.19C and F). To
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assess the level of stress fibres objectively the mean fluorescence intensity of each injected cell
was measured (section 2.2.11.3) and as cells containing more stress fibres displayed higher
mean fluorescence intensity values these could be used to compare control, RhoA-N19 and
RhoA-V14 cells (Fig. 3.19G and H). In experiments using 0.15 pg/ul RhoA protein for
microinjections the groups’ stress fibre levels differed significantly (P<0.0001, one-way
ANOVA) and the post-hoc Bonferroni’s multiple comparison test detailed that while control
(37.1 £ 2.0 mean fluorescence intensity) and RhoA-N19 (39.8 + 2.3) injected cells did not differ
from each other, RhoA-V14 cells (53.0 + 2.0) were significantly different to both of them (Fig.
3.19G). The same was observed for experiments conducted with 0.3 pg/ul RhoA protein (mean
fluorescence intensity 37.1+2.0 (control), 36.8+1.9 (RhoA-N19), 75.0 5.5 (RhoA-V14);
P<0.0001, one-way ANOVA; Fig. 3.19H). These results demonstrated that the purified and
cleaved mutant RhoA proteins, RhoA-V14 and RhoA-N19, affected the cytoskeleton as

expected.
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Figure 3.19 Microinjection of purified constitutively active RhoA-V14, but not purified inactive
RhoA-N19, into Swiss-3T3 cells stimulates the formation of stress fibres. Representative images of
serum-starved Swiss-3T3 cells microinjected with 10 pg/ul TRITC alone (control, A and D), purified RhoA-
N19 (B and E) or purified RhoA-V14 (C and F). Injected cells were identified by TRITC, which was also
microinjected alongside purified RhoA proteins (A—F, lower panels). Actin was labelled using Alexa Fluor
488 phalloidin (0.25 U; A—F, upper panels). Scale bar 20 um. Microinjections with purified RhoA were
performed using a protein concentration of either 0.15 pg/upl or 0.3 pg/ul. To compare stress fibre levels
between control, RhoA-N19 and RhoA-V14 injected cells the mean fluorescence intensities of each
injected cell was measured (section 2.2.11.3). (G) Comparison of stress fibre levels between control
(37.1+ 2.0, n=30), 0.15 pg/ul RhoA-N19 (39.8 + 2.3, n=28) and 0.15 pg/ul RhoA-V14 (53.0 £ 2.0, n=72)
(P<0.0001, one-way ANOVA). (H) Summary of stress fibre level comparison between control (37.1 + 2.0,
n=30), 0.3 ug/ul RhoA-N19 (36.8 £ 1.9, n=21) and 0.3 pg/ul RhoA-V14 (75.0 £ 5.5, n=27) (P<0.0001, one-
way ANOVA). In both cases (G and H) the post-hoc Bonferroni’s multiple comparison test showed that
control and RhoA-N19 injected cells did not differ, while RhoA-V14 injected cells differed significantly
from control as well as from RhoA-N19. * = P<0.05 and n numbers refer to the number of cells analysed
from multiple injections. Mean values + SEM are presented.



Alexa Fluor 488

Alexa Fluor 488

control RhoA-N19 0.15ug/ul RhoA-V14

phalloidin

TRITC

control RhoA-N19 0.3ug/ul RhoA-V14

phalloidin

TRITC

(9]
I

* *
I 1 I 1
150 - —_— 150 1 —
c 2 c 2 A
T g T 2 &
o9 o9
© .S A © £
< §100— < é100— §
00 0
(] (]
g . 33
38 s0- S § s0-
W oo e A
control RhoA-N19 RhoA-V14 control RhoA-N19 RhoA-V14
0.15pg/ul  0.15pg/ul 0.3pug/ul  0.3pg/ul

119



3.2.4 The effect of intracellularly applied mutant RhoA proteins on slayp in acute
hippocampal slices

Electrophysiological experiments using the purified RhoA proteins have been performed by
Anne Boehlen. Purified and cleaved RhoA-V14 or RhoA-N19 proteins (30 pug/ml; section 2.2.7
and 3.2.1) were added to the intracellular solution and introduced into CA1 pyramidal neurons
in acute hippocampal slices via the patch pipette. Whole-cell voltage clamp recordings were
carried out and the effect of the purified mutant RhoA proteins on sl Was assessed. Control
recordings were performed with an intracellular solution that contained equal amounts of a
mock purification sample (section 2.2.7). It was hypothesised that the presence of RhoA-N19
proteins would not affect slayp, while RhoA-V14 would mimic the inhibitory action of
cholinergic and glutamatergic agonists. Averaged sl amplitudes of control, RhoA-N19 and
RhoA-V14 cells are shown in the time course (Fig. 3.20). In the first 10 min of establishing
whole-cell configuration all three groups show the typical increase of current amplitude (Zhang
et al., 1995; Pedarzani et al., 1998). However, the maximal steady-state amplitude of slaup in
cells exposed to constitutively active RhoA-V14 is significantly reduced compared to control
and inactive RhoA-N19 (P<0.0001, two-way ANOVA 0.5-20 min). The evaluation of this effect
at later time points was complicated by the fact that all three groups showed a run-down of

the current from ~20 min onwards.
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Figure 3.20 slyyp is partially inhibited by the application of purified constitutively active RhoA-
V14, but not by inactive RhoA-N19. Whole-cell voltage clamp recordings of CA1 pyramidal neurons in
acute hippocampal slices were performed. The purified and cleaved constitutively active RhoA-V14 or
inactive RhoA-N19 was added to the intracellular solution and was introduced into the neurons via the
patch pipette. Recordings with intracellular solution containing a mock purification sample served as a
control. slyp was activated by a depolarisation step to +30 mV for 100 ms. Time courses of slayp
amplitude in control cells and cells with intracellularly applied RhoA-V14 or RhoA-N19 protein
(30 pg/ml); control (n=13), RhoA-N19 (n=13) and RhoA-V14 (n=21), mean values + SEM are presented.
Comparing the effect of RhoA proteins on amplitude over time showed that sl amplitudes of the
three groups are not the same (P<0.0001, two way ANOVA 0.5-20 min and 0.5—-62 min). Experiments
were performed by A. Boehlen.
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3.2.5 Summary

The constitutively active RhoA-V14 and the inactive RhoA-N19 proteins were purified as fusion
proteins and their ability to interact with binding partners was shown in pull-down assays with
rhophilin and Ga,. Besides interaction studies, purified and cleaved mutant RhoA proteins
were also tested for their effect on the actin cytoskeleton of cells. Swiss-3T3 cells
microinjected with purified RhoA-V14 displayed plenty of stress fibres, while the actin
cytoskeleton was not influenced by the injection with purified RhoA-N19. It was concluded
that the mutant RhoA proteins are biologically active and were thus used for
electrophysiological studies. The role of RhoA in the signalling pathway mediating the
suppression of slyyp by cholinergic and glutamatergic agonists was investigated in
electrophysiological experiments by introducing mutant RhoA proteins into neurons via a
patch pipette. The intracellular application of purified constitutively active RhoA-V14 protein
induced a significant, albeit partial, reduction of slaup, Which could be due to a low intracellular
concentration of RhoA-V14 or a too short exposure to the introduced protein. To establish the
role of RhoA in the cholinergic and glutamatergic suppression of slayp, electrophysiological
experiments were conducted using a different approach, namely the introduction of mutant

RhoA into hippocampal neurons by virus infection.
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3.3 Assessment of RhoA involvement in the cholinergic modulation of sl in
Sindbis virus infected primary hippocampal neurons
RhoA mutants were over-expressed by virus infection in primary hippocampal pyramidal
neurons with the ultimate aim of replicating the experiments in acute or organotypic
hippocampal slices. The Sindbis virus was chosen to introduce mutant RhoA proteins into
hippocampal neurons as it allows fast protein expression and displays high specificity for
neurons. Using a modified Sindbis vector (Jeromin et al., 2003) had the additional advantage of
containing the nsP2 mutation (5726), which has been shown to markedly reduce cytotoxicity
(Dryga et al., 1997), and of simultaneously expressing EGFP allowing for the identification of
infected neurons (pSinrep5-EGFP). Primary cultures of hippocampal neurons were infected
with recombinant Sindbis virus containing RhoA-V14 or RhoA-N19 and the effect of mutant

RhoA protein on slayp Was investigated by whole-cell voltage clamp recordings.

3.3.1 Sindbis virus production and functionality assay

3.3.1.1 Recombinant Sindbis plasmid construction and RNA synthesis

The RhoA mutants, constitutively active RhoA-V14 and inactive RhoA-N19, were cloned into
pSinrep5-EGFP under the control of the Sindbis subgenomic promoter (Pss) to construct the
recombinant plasmids pSinrep5-RhoA-V14-EGFP and pSinrep5-RhoA-N19-EGFP (section
2.2.13). The helper plasmid, pHelper-DH-BB (tRNA/TE12) was constructed from the helpers
DH-BB and DH-26S (Kim et al., 2004) and thus combined the high replication capacity seen
with the DH-BB helper and the ability of DH-26S, a TE12 strain derivative, to infect neurons
(Bredenbeek et al., 1993). The Sindbis expression constructs, pSinrep5-EGFP, pSinrep5-RhoA-
V14-EGFP and pSinrep5-RhoA-N19-EGFP, were linearized with Pacl and the helper pHelper-DH-
BB (tRNA/TE12) with Xhol before in vitro transcription (section 2.2.10.1). RNAs were analysed
by formaldehyde agarose gel electrophoresis and yielded products of 9 kb (SIN-EGFP, Fig.
3.21A), 9.5 kb (SIN-RhoA-V14-EGFP and SIN-RhoA-N19-EGFP, Fig. 3.21B) and 5 kb (helper, Fig.
3.21B). Isolated RNA of HEK293 (28S, 5 kb and 18S, 1.9 kb) and rat brain type 2 sodium channel
a subunit RNA (Nay1.2, 6 kb), which was generated to test the RNA synthesis reaction, were
run alongside as size markers (Fig. 3.21). Synthesised RNAs from pSinrep5-EGFP, pSinrep5-
RhoA-V14-EGFP, pSinrep5-RhoA-N19-EGFP and pHelper-DH-BB (tRNA/TE12) were used for

virus production.
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Figure 3.21 RNA synthesis from Sindbis expression and helper constructs. Recombinant Sindbis
expression constructs and the helper were linearized and in vitro transcribed. Formaldehyde agarose gel
electrophoresis of (A) SIN-EGFP (9 kb) and (B) helper (5 kb), SIN-RhoA-N19-EGFP (9.5 kb) and SIN-RhoA-
V14-EGFP (9.5 kb) alongside synthesised Nayl.2 (6 kb) RNA and RNA from HEK293 cells (28S, 5 kb,
indicated by black arrow; 18S, 1.9 kb, indicated by grey arrow), which were used as size markers.

3.3.1.2 Production of Sindbis virus particles

To produce virus particles, Sindbis expression RNA, together with helper RNA, were
electroporated into BHK-21 cells. This co-transfection of helper RNA provides the structural
proteins necessary for packaging the recombinant RNA and leads to viral particles being
released into the medium, where they can then be harvested and used for infection.
Electroporation of Sindbis expression RNA alone (without the structural proteins provided by
the helper) will not be packaged and thus expression is limited to the transfected cell. This fact
was exploited during the electroporation set-up phase, since electroporation conditions could
be tested and the results judged by assessing the number of EGFP expressing cells without
producing virus particles. The electroporation of BHK-21 cells with SIN-EGFP RNA was initially
tested using the ECM600 electroporation system (BTX) and different electroporation protocols
(Invitrogen, manual; Wahlfors and Morgan, 2003; Ehrengruber et al.,, 2011) and it was
determined that pulses of 500V lasting 7 ms produced the highest transfection efficiency.
However, even with these settings the number of EGFP expressing cells varied greatly across
experiments (5-50 %; Fig. 3.22A and B) and the ECM600 was considered unsuitable for virus
production. The experiment was repeated with a GenePulser Il electroporation system (BIO-
RAD) using the mentioned optimised settings, but the transfection efficiency achieved was not
reproducible between experiments and never high enough to be suitable for the production of
viruses with a high-titre (1-10 %; Fig. 3.22C and D). Consistently high transfection efficiencies
were only achieved with the GenePulser XCell (BIO-RAD) (40 %; Fig. 3.22E) and it was therefore

used for Sindbis virus productions.
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Figure 3.22 Electroporation of BHK-21 cells with SIN-EGFP RNA using different electroporation
systems. BHK-21 cells were electroporated with SIN-EGFP RNA using pulses of 500 V lasting 7 ms and
the transfection efficiency was examined 24 h later by assessing the number of EGFP expressing cells.
Representative EGFP and corresponding bright field images showing electroporation results using the
ECM600 electroporation system (BTX) (A and B), the GenePulser |l (BIO-RAD) (C and D) and the
GenePulser XCell (BIO-RAD) (E). Electroporations performed with the ECM600 electroporation system
(BTX) and GenePulser Il (BIO-RAD) varied between higher (A and C) and lower (B and D) transfection
efficiencies. Electroporations with the GenePulser XCell (BIO-RAD) (E) consistently resulted in high
transfection efficiencies and was therefore used for the virus production. Scale bar 200 um.

To produce virus particles, BHK-21 cells were electroporated with SIN-EGFP, SIN-RhoA-V14-
EGFP or SIN-RhoA-N19-EGFP RNA and helper RNA using the GenePulser XCell (BIO-RAD)
protocol (section 2.2.10.2). Electroporated BHK-21 cells were plated and the medium

containing the virions was harvested 24 h later.

3.3.1.3 Determining the infection capability of the viral stock and the optimal amount of
virus needed for infection

This Sindbis expression system consists of two constructs, which need to be co-transfected to
produce virus particles: an expression plasmid containing the nonstructural genes responsible
for replication and the genes of interest and a helper plasmid encoding for the structural
proteins. The generated viruses are replication-deficient, since only the Sindbis expression RNA
is packaged but not the helper RNA, which is defective i.e. does not contain a packaging signal.
Therefore the viruses undergo only one round of infection and infected cells express the
proteins of interest, but cannot generate new viruses because the structural proteins provided

by the helper RNA are missing. Consequently the virus titre cannot be determined by plaque
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assays. The infection capability of the Sindbis viruses was therefore assessed empirically by
infecting BHK-21 cells with dilutions of Sindbis virus generated from SIN-EGFP (EGFP control),
SIN-RhoA-V14-EGFP (RhoA-V14) and SIN-RhoA-N19-EGFP (RhoA-N19) and by counting the
number of EGFP expressing cells (Fig. 3.23; section 2.2.10.3). Infecting BHK-21 cells with EGFP
control, RhoA-N19 or RhoA-V14 at a dilution of 1:10 resulted in all cells expressing EGFP (Fig.
3.23A, C and E). At higher dilutions for example 1:1000 (Fig. 3.23B, D and F) EGFP control and
RhoA-N19 still infected a number of cells, while hardly any EGFP expressing cells could be seen
in infections with RhoA-V14. The concentration of viral stock was calculated (section 2.2.10.3)
and amounted to 10°-10° virions/ml on average; EGFP control being the most potent (1.7 x 10°
virions/ml), followed by RhoA-N19 (6.2 x 10® virions/ml) and then RhoA-V14 (1.9 x 10°
virions/ml). In addition the assay also determined the optimal dilutions of the viruses (1:5000

for EGFP control, 1:1000—-1:2000 for RhoA-N19 and 1:100-1:500 for RhoA-V14) to be used in

subsequent experiments in BHK-21 cells and cultured hippocampal neurons.

1:10 1:1000

RhoA-N19 EGFP control

RhoA-V14

Figure 3.23 Infecting BHK-21 cells with diluted recombinant Sindbis virus to determine the
infection capability of the viral stock and the optimal infection conditions for subsequent
experiments. BHK-21 cells were infected with Sindbis virus generated from SIN-EGFP (EGFP control),
SIN-RhoA-N19-EGFP (RhoA-N19) or SIN-RhoA-V14-EGFP (RhoA-V14) at various dilutions (section 2.2.10;
1:10 (A, € and E) and 1:1000 (B, D and F) are shown). EGFP expressing cells were counted and used to
calculate the concentration of the viral stock (section 2.2.10.3). Optimal dilutions of the virus were
determined as 1:5000 for EGFP control, 1:1000—-1:2000 for RhoA-N19 and 1:100-1:500 for RhoA-V14.
Representative images, EGFP and the corresponding bright field image, are shown. Scale bar 200 um.
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3.3.1.4 Stress fibres formation in constitutively active RhoA-V14 infected BHK-21 cells, but
not in inactive RhoA-N19 infected cells

As described before RhoA is involved in the regulation of the actin cytoskeleton and the
expression of constitutively active RhoA-V14 causes the formation of stress fibres, while no
changes of the cytoskeleton were observed in cells expressing inactive RhoA-N19 (Ridley and
Hall, 1992; section 3.2.3). Hence the effect of the generated RhoA Sindbis viruses on the
cytoskeleton was tested by infecting serum-starved BHK-21 cells with diluted EGFP control
(1:5000), RhoA-N19 (1:1000) and RhoA-V14 (1:100) virus. Actin was labelled with Alexa Fluor
594 phalloidin and infected cells were identified by their EGFP expression. Cells infected with
RhoA-V14 (Fig. 3.24C) contained more stress fibres than RhoA-N19 (Fig. 3.24B) or EGFP control
(Fig. 3.24A) infected cells. The mean fluorescence intensity of infected cells was measured and
used to compare stress fibre levels between EGFP control (54.7 £+ 4.3 mean fluorescence
intensity), RhoA-N19 (56.4 + 6.5) and RhoA-V14 (92.2 + 6.7; Fig. 3.24D). The intensities differed
significantly (P<0.0001, one-way ANOVA) and the post-hoc Bonferroni’s multiple comparison
test showed that while EGFP control and RhoA-N19 did not differ from each other, RhoA-V14
infected cells differed significantly from both. RhoA-V14 and RhoA-N19 Sindbis viruses were
affecting the actin cytoskeleton as expected and match the observations made with
microinjected purified RhoA-V14 and RhoA-N19 proteins. It can therefore be concluded that
the RhoA-V14 and RhoA-N19 viruses are functional and can be used to infect hippocampal
neurons to study the involvement of RhoA in the modulation of sl by cholinergic and

glutamatergic agonists.
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Figure 3.24 Infection with constitutively active RhoA-V14, but not inactive RhoA-N19, Sindbis

virus induces stress fibre formation in BHK-21 cells. Representative images of serum-starved BHK-21
cells that were infected with (A) EGFP control (1:5000 dilution), (B) RhoA-N19 (1:1000) or (C) RhoA-V14
(1:100) Sindbis virus. Actin was labelled with Alexa Fluor 594 phalloidin (0.25 U; A-C, upper panels) and
infected cells were identified by EGFP expression (A—C, lower panels). Scale bar 20 um. (D) Stress fibre
levels of infected cells were compared by measuring the mean fluorescence intensities of EGFP control
(54.7 £ 4.3, n=13), RhoA-N19 (56.4 £ 6.5, n=13) and RhoA-V14 (92.2 +6.7, n=12) (P<0.0001, one-way
ANOVA). As shown by the post-hoc Bonferroni’s multiple comparison test RhoA-V14 infected cells
differed significantly from control and RhoA-N19 infected cells, which themselves did not differ from
each other. * = P<0.05 and n numbers refer to the number of cells analysed from one infection. Mean
values £ SEM are presented.

3.3.2 slayp in primary cultured hippocampal neurons

To assess the role of RhoA in the cholinergic modulation of sl mutant RhoA proteins, the
constitutively active RhoA-V14 and the inactive RhoA-N19, were expressed in primary cultured
hippocampal neurons by Sindbis virus infection. This preparation was chosen as it presented
an accessible environment in which infection can easily be achieved by addition of the virus to
the culture medium. slayp is known to be present in primary cultures of hippocampal neurons
(Shah and Haylett, 2000b; Gallasch, 2008) and its characteristics were examined in control

neurons before the effects of mutant RhoA proteins on sl Were investigated.
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3.3.2.1 Properties of primary cultured hippocampal pyramidal neurons are not affected by
Sindbis virus infection

Whole-cell patch clamp recordings of primary cultured hippocampal pyramidal neurons were
performed and the effects of a Sindbis virus infection on the properties of hippocampal
pyramidal neurons were examined. The morphology of pyramidal neurons with their
triangular-shaped soma and distinctive processes was used to select neurons for patching (Fig.
3.25A—C). Infected neurons were identified by their EGFP expression (Fig. 3.25A-C, upper
panels) and no morphological differences between control and neurons infected with RhoA-

N19 or RhoA-V14 were observed.

Recordings were made from control (EGFP-neg), RhoA-N19 (1:2000 dilutions, occasionally
1:1000) and RhoA-V14 (1:100) infected pyramidal neurons. The control group included EGFP-
negative cells recorded from coverslips that had no contact with Sindbis virus (uninfected) and
also from coverslips that had undergone infection with RhoA-N19 or RhoA-V14 virus. The
membrane resting potential of EGFP-negative cells in uninfected coverslips amounted to
-59.5+ 1.7 mV (n=12), in RhoA-N19 treated coverslips to -57.6 + 0.9 mV (n=25) and in RhoA-
V14 treated coverslips to -59.3 + 1.2 mV (n=10) and did not differ significantly (P=0.45, one-
way ANOVA; Fig. 3.25D). The same was observed for the input resistance of EGFP-negative
neurons, which was 558.4 + 73.8 MQ (n=11) in uninfected, 506.7 + 61.8 MQ (n=22) in RhoA-
N19 treated and 548.5 + 70.4 MQ (n=8) in RhoA-V14 treated coverslips (P=0.8453, one-way
ANOVA; Fig. 3.25E). Since the passive properties of EGFP-negative neurons were not affected
by Sindbis virus treatment, they were pooled into one control group. The resting potential of
the combined EGFP-negative cells was -58.5+0.7 mV (n=47), of RhoA-N19 infected cells
56.7 £ 0.7 mV (n=34) and of RhoA-V14 infected cells -57.4 + 0.7 mV (n=36) (P=0.1836, one-way
ANOVA; Fig. 3.25F). The input resistance amounted to 528.7 +40.3 MQ (n=41) in EGFP-
negative cells, 552.7 + 60 MQ (n=32) in RhoA-N19 infected cells and 540.5 + 54.7 MQ (n=34) in
RhoA-V14 infected cells (P=0.9455, one-way ANOVA,; Fig. 3.25G). It can therefore be concluded
that the passive properties of hippocampal pyramidal neurons in primary culture were not

influenced by the infection with RhoA-N19 or RhoA-V14 Sindbis virus.

All neurons consistently fired overshooting action potentials, although the firing pattern
observed for all three groups was variable, ranging from single or irregular spikes, to bursts
and regular firing. Regular firing was most commonly observed (90 % of EGFP-negative, 56 %
RhoA-N19 and 62 % RhoA-V14 cells). Due to the artificial nature of the pyramidal neuron
network in culture, dedicated current clamp experiments to analyse virus induced changes in

firing pattern and spike frequency adaptation were not carried out.
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Figure 3.25 Properties of hippocampal pyramidal neurons in primary culture. Representative
images of pyramidal cultures of hippocampal neurons infected with (A) EGFP control (1:5000 dilution),
(B) RhoA-N19 (1:2000) and (C) RhoA-V14 (1:500) Sindbis virus. Scale bar 50 um. For whole-cell
recordings, primary cultures of hippocampal neurons were infected with RhoA-N19 at a dilution of
1:2000 (occasionally 1:1000) or with RhoA-V14 at a 1:100 dilution, while EGFP-negative neurons served
as control. (D) Comparison of the resting potential of EGFP-negative neurons in uninfected and in RhoA-
N19 or RhoA-V14 treated coverslips (P=0.45, one-way ANOVA). (E) Summary of the input resistance of
EGFP-negative cells in uninfected and in RhoA-N19 or RhoA-V14 treated coverslips (P=0.8453, one-way
ANOVA). (F) Comparison of the resting potential of combined EGFP-negative and RhoA-N19 or RhoA-
V14 infected cells (P=0.1836, one-way ANOVA) and (G) of their input resistance (P=0.9455, one-way
ANOVA). The box plot is made up of the median (horizontal line in the middle of box), 25" and 75"
percentile of the data (upper and lower edges of the box), maximum and minimum values of the data
(top and bottom of the whiskers) and the mean value (“+” in the box). All recordings were made in the
presence of 25 uM D-(-)-2-amino-5-phosphonopentanocic acid and 5 uM 2,3-dioxo-6-nitro-1,2,3,4-
tetrahydrobenzo(f)quinoxaline-7-sulfonamide.
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3.3.2.2 Unmasking of slap in primary cultured hippocampal neurons

Neurons were voltage-clamped at -50 mV and sl Was recorded following a 200 ms-long
depolarising step to +30 mV to activate voltage-gated Ca** channels (Fig.2.11; section
2.2.14.2). After the depolarising step outward tail currents, generated by layp and slap, Were
observed (Fig. 3.26A). Both currents coexist in hippocampal neurons but can be separated
pharmacologically because Iy is inhibited by apamin and dTC, which do not affect sl

(Stocker et al., 1999; Shah et al., 2006). The coexistence of I,y and slyp Was observed in the
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majority of cells recorded (layp in 90% and slayp in 100% of EGFP-negative cells) and slayp could
be seen in isolation following the application of 50-100 uM dTC, which blocks Kc,2 channels
that underlie I,y (Fig. 3.26B and D). TTX (0.5 uM; blocker of voltage-gated Na* channels) and
TEA (1 mM; blocker of a subset of Ky and K¢,1.1 channels, K¢,2 channels are not affected at this
concentration) were applied alongside dTC to maximize Ca®" influx and thus sl amplitude.
The kinetic features of the slyp observed in cultured hippocampal pyramidal neurons matched
the ones reported in slices i.e. activating over several hundred milliseconds and decaying over
seconds (section 1.2.3; Lancaster and Adams, 1986; Sah, 1996) and sl showed the typical

run-up (Zhang et al., 1995; Pedarzani et al., 1998), lasting for 5-10 min, before reaching
steady-state amplitude (Fig. 3.26D).
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Figure 3.26 Pharmacological isolation of slyye in cultured hippocampal neurons. Iy, was

selectively blocked by d-Tubocurarine (dTC), while slayp was not affected. (A and B) Representative
whole-cell voltage-clamp recordings of afterhyperpolarizing currents in an EGFP-negative neuron in the
absence (A) and presence (B) of 0.5 uM tedrodotoxin (TTX), 1 mM tetraethylammonium (TEA) and
100 uM dTC. (C) Superimposed traces illustrating the coexistence of layp and slyp in cultured
hippocampal neurons. The voltage clamp protocol used to activate the afterhyperpolarizing currents is
shown underneath the trace in (A). The dashed grey line indicates zero current (A—C). (D) Time course of
the run-up and stabilization of the pharmacologically isolated slaup. (E) Time course of I, amplitude in
response to application and wash out of the pharmacological blockers used in slayp recordings. All
recordings were carried out in the presence of synaptic blockers, 25 uM D-(-)-2-amino-5-

phosphonopentanoic acid and 5puM 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo(f)quinoxaline-7-
sulfonamide.
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3.3.2.3 Regulation of sl in cultured hippocampal neurons

The activation of slaye by Ca®* has been shown in various studies (Lancaster and Zucker, 1994;
Zhang et al., 1995; Sah, 1996). slayp in cultured hippocampal pyramidal neurons was tested for
Ca’* dependency by replacing extracellular Ca** with Mg®* (5 mM; section 2.2.14.1). The
removal of Ca® from the extracellular solution led to the elimination of the unclamped Ca®'
currents and slayp as seen in the example traces with or without extracellular Ca** (Fig. 3.27A
and B) and the time course of recording (Fig. 3.27D). Once Ca’' levels in the extracellular
solutions were restored, slayp recovered readily (Fig. 3.27C and D). slayp amplitude, which
amounted to 22.1 +4.2 pA (n=5, control), was reduced to 0.2 + 0.2 pA (n=5, 0 Ca*") by the
removal of extracellular Ca** (P=0.0062, paired t-test; Fig. 3.21E); a reduction of 99.1 + 0.9 %.
The effect of 0 Ca®* was reversible and sl recovered to 18.6 + 3.6 pA (n=4, recovery; Fig.

3.27E), which equals a recovery of 78.7 £ 7.0 %.
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Figure 3.27 Removal of extracellular Ca** abolishes isolated slayp. Representative current traces

of slaup recorded in an EGFP-negative neuron in the presence of (A) 2 mM Ca’" in the extracellular
solution (control) and (B) in its absence (0 Ca2+). slayp recovered once the Ca”" level in the extracellular
solution was restored to (C) 2 mM Ca”* (recovery). Insets show the corresponding Ca>* spike observed
during the depolarisation step that preceded sl recordings. The dashed grey line indicates zero
current (A—C). (D) Time course showing slayp amplitude in response to the removal of extracellular ca**
and upon return to original conditions. (E) Bar diagram summarizing the effect of 0 ca® on Slanp
(P=0.0062, paired t-test). slayp recovered to 78.7+7.0% once 2 mM ca®* was again present in the
extracellular solution. Mean values + SEM are presented. * = P<0.05. All recordings were performed in
the presence of 25 uM D-(-)-2-amino-5-phosphonopentanoic acid, 5 uM 2,3-dioxo-6-nitro-1,2,3,4-
tetrahydrobenzo(f)quinoxaline-7-sulfonamide, 0.5 uM tedrodotoxin, 1 mM tetraethylammonium and
50 uM d-Tubocurarine.

131



slayp is suppressed by several neurotransmitters, by monoamines like noradrenaline,
dopamine, histamine and serotonin via PKA dependent phosphorylation and also by
acetylcholine and glutamate (Stocker et al., 2004). The identity of slayp in cultured hippocampal
neurons was therefore tested by application of the acetylcholine analogue CCh, which is not
hydrolysed by acetylcholinesterase (Cole and Nicoll, 1984) and suppresses Slaup, and by
application of the membrane permeable cAMP analogue 8CPT-cAMP, which activates PKA and
inhibits sl (Pedarzani and Storm, 1993). Whole-cell voltage-clamp recordings of slayp Were
performed as described (section 2.2.14.2 and 3.3.2.2) and the current was reversibly
suppressed following the addition of 2.5 uM CCh to the extracellular solution (Fig. 3.28A and
C); the overlay of control and CCh traces show the extent of inhibition. In this recording the
recovered slayp Was in one experiment subsequently inhibited to a similar extent by the
application of 8CPT-cAMP (Fig. 3.28B and C), consistent with PKA modulation of the underlying
conductance. Average slayp amplitude before exposure to CCh amounted to 26.4 + 2.3 pA (n=9,
control) and was suppressed to 7.3 £2.1 pA (n=9, CCh; P=0.0003, paired t-test; Fig. 3.28D),
which is a reduction of sl amplitude to 29.1 + 8.2 % of the original. Wash out of CCh allowed
slayp @amplitude to return to 18.1 + 1.8 pA (n=6, recovery; Fig. 3.28D), corresponding to a
recovery of 71.7 £ 11.3 %. Change of slayp was also studied by examining the current charge
transfer (Fig. 3.28E). slap charge transfer decreased from 113.5 +14.8 pC (n=9, control) to
28.6 £ 11.6 pC after CCh application (n=9, CCh; P=0.001, paired t-test; Fig. 3.28F). This
reduction of slaye charge transfer to 24.8 + 9.7 % of the original by CCh was reversible and slp
charge transfer recovered to 80.9 + 13.5 pC (n=6, recovery; Fig. 3.28F), which equals a recovery
of 86.1 + 20.5 %. These results agreed with previous observations of sla.p suppression by CCh
and 8CPT-cAMP in cultured hippocampal neurons (Gallasch, 2008) and with results obtained in

hippocampal slices (Pedarzani and Storm, 1993).
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Figure 3.28 slyyp is suppressed by CCh and 8CPT-cAMP. Representative whole-cell voltage-clamp

recordings of slayp in an EGFP-negative neuron in the presence of 25 uM D-(-)-2-amino-5-
phosphonopentanoic acid, 5uM 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo(f)quinoxaline-7-
sulfonamide, 0.5 uM tedrodotoxin, 1 mM tetraethylammonium and 50 uM d-Tubocurarine. slyyp wWas
reversibly inhibited by the extracellular application of (A) the cholinergic agonist carbachol (CCh;
2.5 uM) and (B) 8CPT-cAMP (100 uM). The dashed grey line indicates zero current (A and B). (C) Example
time course of slayp amplitude in response to the application of CCh and (in this cell) 8CPT-cAMP. (D) Bar
diagram summarising the effect of CCh on sl amplitude (P=0.0003, paired t-test). slayp amplitude
recovered to 71.7 £ 11.3 % of control. (E) Representative time course showing the effect of CCh and (in
this cell) 8CPT-cAMP application on slayp charge transfer. (F) Summary of the change of slaye charge
transfer upon CCh application (P=0.001, paired t-test). The effect of CCh was reversible and sl e charge
transfer recovered to 86.1 + 20.5 % of control. * = P<0.05. Mean values + SEM are presented.
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3.3.3 Effects of mutant RhoA virus infection on slayp in cultured hippocampal
pyramidal neurons

Examining the passive properties of EGFP-negative, RhoA-V14 and RhoA-N19 infected
hippocampal neurons demonstrated that resting potential and input resistance of the cells
were not affected by Sindbis virus infection. Furthermore, slayp in cultured hippocampal
neurons displayed the same properties as described in hippocampal slices (Alger and Nicoll,
1980; Hotson and Prince, 1980; Madison and Nicoll, 1982 and 1984; Lancaster and Adams,
1986; Pedarzani and Storm, 1993). Firstly slayp was not affected by dTC, the application of
which blocked Iayp present in these cultures. Secondly, slayp Was Ca* dependent and thirdly,
slayp Was suppressed by the application of CCh as well as by 8CPT-cAMP. Therefore cultures of
hippocampal neurons present a system in which the effect of mutant RhoA infection on sl
can be studied. In neurons infected with RhoA-N19 sl is expected to be present just as in
EGFP-negative neurons, but might display a lower sensitivity to cholinergic agonists because
RhoA-N19 is inactive and its expression might outcompete endogenous RhoA. Infection with
constitutively active RhoA-V14 virus on the other hand should mimic the application of

cholinergic agonist and thus neurons should show a suppressed slap.

3.3.3.1 slayp in RhoA-N19 and RhoA-V14 infected cultured hippocampal neurons

Cultured hippocampal neurons were infected with recombinant Sindbis virus to express either
the inactive RhoA-N19 or the constitutively active RhoA-V14 and whole-cell voltage-clamp
recordings were performed as described. EGFP-negative pyramidal neurons from uninfected
coverslips as well as from coverslips treated with Sindbis virus served as control. slaye was
observed in EGFP-negative neurons (Fig. 3.29A) as well as in neurons expressing RhoA-N19
(Fig. 3.29B), while slaype in RhoA-V14 infected cells was reduced displaying only flat or small
slapp-shaped traces (Fig. 3.29C). Only once out of eight was a full-size slayp detected in cells
infected with RhoA-V14 (Fig. 3.29D and E, RhoA-V14). The amplitude of sl detected in EGFP-
negative neurons (n=13) amounted to 27.1 + 1.8 pA, in RhoA-N19 infected neurons (n=9) to
20.6 £ 1.6 pA and in RhoA-V14 infected neurons (n=8) to 6.2 +2.7 pA (P<0.0001, one-way
ANOVA; Fig. 3.29D). The post-hoc Bonferroni’s multiple comparison test determined that slaup
of EGFP-negative and RhoA-N19 infected cells did not differ, while sl of RhoA-V14 infected
cells differed significantly from both EGFP-negative and RhoA-N19 infected cells. The same was
observed when comparing sla.p charge transfer, which was 118.4 + 10.8 pC in EGFP-negative
neurons (n=13), 113.4 £ 10.9 pC in RhoA-N19 infected cells (n=9) and 39.8 + 19 pC in RhoA-V14
infected cells (n=8) (P=0.0006, one-way ANOVA; Fig. 3.29E). Additionally, the time to peak of
slaye Was analysed in EGFP-negative (0.7 £ 0.1 s, n=13) and RhoA-N19 infected (0.8 + 0.1 s, n=9)

neurons and did not differ significantly (P=0.1932, unpaired t-test).
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Figure 3.29 slayp is present in EGFP-negative and RhoA-N19 infected cultured hippocampal

pyramidal neurons, but not in RhoA-V14 infected neurons. Representative current traces and time
courses of slayp in EGFP-negative (A) and in RhoA-N19 (B) or RhoA-V14 (C) infected neurons. The dashed
grey line indicates zero current (A—C). Bar diagrams summarizing (D) slayp amplitude in EGFP-negative
(27.1 £ 1.8 pA, n=13), RhoA-N19 (20.6 £1.6 pA, n=9) and RhoA-V14 (6.2 +2.7 pA, n=8) neurons
(P<0.0001, one-way ANOVA) and (E) slayp charge transfer in EGFP-negative (118.4 + 10.8 pC, n=13),
RhoA-N19 (113.4 + 10.9 pC, n=9) and RhoA-V14 (39.8 + 19 pC, n=8) infected cells (P=0.0006, one-way
ANOVA). The post-hoc Bonferroni’s multiple comparison tests showed that sl amplitude and charge
transfer in RhoA-V14 infected neurons differed significantly from EGFP-negative and RhoA-N19 infected
neurons, which themselves did not differ from each other. Amplitude and charge transfer
measurements of slap were taken after the current had reached a stable baseline following the
application of tedrodotoxin (TTX), tetraethylammonium (TEA) and d-Tubocurarine (dTC) (section
2.2.14.2). All recordings were performed in the presence of 25 uM D-(-)-2-amino-5-phosphonopentanoic
acid, 5 uM 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo(f)quinoxaline-7-sulfonamide, 0.5 uM TTX, 1 mM
TEA and 50-100 uM dTC. * = P<0.05 and mean values + SEM are shown.

3.3.3.2 Cholinergic modulation of sl in EGFP-negative and inactive RhoA-N19 infected
cultured hippocampal neurons.

Whole-cell voltage-clamp recordings of slayp were performed as described and the cholinergic

modulation of slaye in EGFP-negative and inactive RhoA-N19 infected neurons was determined

by adding 2.5 uM CCh to the extracellular solution. The overlay of control traces (black) and
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traces under CCh application (blue) display the extent of slap suppression in EGFP-negative
and RhoA-N19 infected neurons (Fig. 3.30A and B). In EGFP-negative neurons the effect of CCh
on slayp Was seen to be reversible (Fig. 3.30A, time course; Fig. 3.28D), which was not observed
in RhoA-N19 infected cells (Fig. 3.30B, time course). Changes in series resistance were
monitored throughout the recordings and did not account for the differences observed in
EGFP-negative and RhoA-N19 infected cells. slyyp amplitude in EGFP-negative cells amounted
to 26.4 + 2.3 pA (n=9, black bar) and was significantly suppressed by CCh to 7.3 £ 2.1 pA (n=9,
blue bar; P=0.0003, paired t-test; Fig. 3.30C). In RhoA-N19 infected cells sl amplitude was
18.9 + 3.4 pA (n=4, black bar), which was reduced to 9.4 + 2.2 pA (n=4, blue bar) by CCh; a
suppression that was not significantly different (P=0.0735, paired t-test; Fig. 3.30C). The
evaluation of sl amplitude left under CCh application also showed a tendency of RhoA-N19
infected cells to be less affected by CCh (52.8 £+ 10.3 % slayp amplitude left) compared to EGFP-
negative cells (29.1 +8.2 %), but no significant difference between the two groups was
determined (P=0.1207, unpaired t-test; Fig. 3.30D). The same was observed when examining
slaye charge transfer in EGFP-negative and RhoA-N19 infected neurons. In EGFP-negative cells
slayp  charge transfer was 113.5+14.8 pC (n=9, black bar), which was reduced to
28.6 + 11.6 pC following application of CCh (n=9, blue bar; P=0.001, paired t-test; Fig. 3.30E).
slawe charge transfer in RhoA-N19 infected cells amounted to 99.9 + 17.7 pC (n=4, black bar)
and was reduced by CCh to 51.4 + 14.7 pC (n=4, blue bar; P=0.0558 , paired t-test; Fig. 3.30E).
Comparing the percentage of slap charge transfer left under CCh application in EGFP-negative,
24.8 £9.7 %, and in RhoA-N19 infected cells, 52.3 £10.4 %, did not result in a significant
difference (P=0.1197, unpaired t-test; Fig. 3.30F).
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Figure 3.30 The effect of CCh application on sl in EGFP-negative and inactive RhoA-N19
infected cultured hippocampal pyramidal neurons. Representative slayp current traces and time course
in an EGFP-negative (A) and a RhoA-N19 (B) infected neuron showing the effect of the cholinergic
agonist carbachol (CCh; 2.5 uM, blue) on slayp amplitude. The dashed grey line indicates zero current (A
and B). (C) Bar diagram summarizing slayp amplitude in EGFP-negative and RhoA-N19 infected neurons
before (black) and after (blue) the application of CCh. In EGFP-negative neurons CCh suppressed slayp
amplitude significantly (P=0.0003, paired t-test; n=9), while in RhoA-N19 infected neurons the effect of
CCh on slayp amplitude was less pronounced (P=0.0735, paired t-test; n=4). (D) Comparison of the
percentage of slyp amplitude left during CCh application in EGFP-negative and RhoA-N19 infected
neurons (P=0.1207, unpaired t-test). (E) Summary of sl charge transfer in response to CCh application
in EGFP-negative and RhoA-N19 in